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ABSTRACT
A p p lic a t io n  o f  5-h y d ro x y try p ta m in e  in d uce s  a v o lta g e -dependent 
inw a rd  c u rre n t i n  v o lta g e  clamped Cl neurones o f H e lix  asp e rsa . 
T h is  response has been shown to  be the  r e s u l t  o f a decrease in  K 
conductance and was s tu d ie d  u s in g  patch  clamp and v o lta g e  clamp 
te ch n iq u e s .
S in g le  channel K c u r re n ts  were re co rd ed  frcxn c e ll-a t ta c h e d  
pa tches o f th e  Cl neurone. Two s iz e s  o f u n i ta r y  outw ard c u r re n ts  
were commonly observed . The I-V  r e la t io n s h ip s  o f  both these 
u n i ta r y  c u r re n ts  co u ld  be f i t t e d  by the  Goldm an-Hodgkin-Katz 
e q u a tio n  f o r  a K c u r re n t ,  hav ing  s lope  conductances o f  around l4pS 
and 54pS a t  +10mV, p a tch  p o te n t ia l .  E xperim en ts , a l t e r in g  th e  K 
c o n c e n tra t io n  in  th e  pa tch  p ip e t te ,  o r on th e  o u te r  su rface  o f 
is o la te d  o u ts id e -o u t pa tches , suggested th a t  these  u n ita ry  c u r re n ts  
were due to  th e  f lo w  o f io n s .  A p p lic a t io n  o f
5 -h y d ro x y try p ta m in e  o n to  th e  Cl neurone, from  o u tw ith  the  patch 
p ip e t te ,  reduced th e  a c t i v i t y  o f th e  la r g e r  K channe ls , recorded  in  
th e  c e l l-a t ta c h e d  p a tc h . Both (^ -de p en d en t, and C a-independent K 
channe ls  were observed on is o la te d  in s id e - o u t  membrane patches. I t  
was u n c le a r w h ich  o f these  type s  o f  channel corresponded to  th e  
5 -h y d ro x y try p ta m in e  s e n s i t iv e  channel in  th e  c e ll-a t ta c h e d  p a tch . 
V o ltage  clamp e xp e rim e n ts  a ls o  ^ v e  co n fu s in g  r e s u l t s  re g a rd in g  th e  
Ca-dependency o f  th e  5 -h y d ro x y try p ta m in e  response . However, in  
some Cl neurones 5 -h y d ro x y try p ta m in e  caused a f la t t e n in g  o f th e  "N" 
shaped I -V  r e la t io n s h ip ,  su g g e s tin g  a decrease in  th e  Ca-dependent 
outw ard  c u r re n t .  The p o s s ib i l i t y  th a t  more th a n  one type o f K 
c u rre n t was suppressed by 5 -h y d ro x y try p ta m in e  was cons ide red .
The e f fe c t  o f phosphod ies te rase  in h ib i t o r s  was c o n s is te n t w ith  
a m e d ia tio n  o f the  5 -h y d ro x y try p ta m in e  response by c y c l ic  
n u c le o t id e s . In je c t io n  o f cAMP induced  an inw ard  c u r re n t  i n  th e  Cl 
neurone.
S in g le  channel outw ard  c u r re n ts , which reve rsed  a t  -50mV, were 
re co rd ed  f r a n  the  A neurone. The a c t i v i t y  o f these channels was 
in c re a s e d  by 5 -h y d ro x y try p ta m in e , bu t t h e i r  io n ic  n a tu re  was 
u n c e r ta in .  U n ita ry  outw ard c u r re n ts  o f the  M neurone were a ls o  
re co rd ed .
ABBREVIATIONS
ARC muscle 
4-AP 
cAMP 
CNS 
E,Ca
Ed
EK
^Na 
EG TA
epsp
GHK
gCa
gCl
gK
gNa
HEPES
IB MX 
5-HT 
5-HTP 
I
^C
^KD
LSD25
MCC
5-M3
accessory ra d u la r  c lo s e r  muscle
4 -a m in o p y rid in e
adenosine 3 ' , 5 ’ - c y c l i c  monophosphate
c e n tra l nervous system
ca lc ium  e q u il ib r iu m  p o te n t ia l
c h lo r id e  e q u il ib r iu m  p o te n t ia l
potassium  e q u il ib r iu m  p o te n t ia l
sodium e q u il ib r iu m  p o te n t ia l
e th y le n e  g ly c o l b is - ( /?  -a m in o e th y l e th e r)
N, N, N’ ,N ’ - te lra a c e t ic  a c id
e x c ita to r y  pos t s y n a p tic  p o te n t ia l
Goldm an-Hodgkin-Katz
ca lc ium  conductance
c h lo r id e  conductance
potassium  conductance
sodium conductance
N -2 -H y d ro x y e th y lp ip e ra z in e -
N’ -2 -e th a n e s u lphon ic  a c id
I  so bu ty  Ime th y  Ixa  n th  i  ne
5 -h y d ro x y try p ta m in e  
5-h y d ro x y try p to p h a n  
c u rre n t
A c u rre n t
c a lc iu m -a c t iv a te d  potassium  c u rre n t 
delayed r e c t i f i e r  potassium  c u r re n t 
ly s e r g ic  a c id  d ie th y la m id e  
m e tace re b ra l c e l l  
5 -m ethoxygram ine
7-MT 7-m e th y ltry p ta m in e
Pg. potassium  p e rm e a b ili ty
(+ )-T C  cu ra re
TEA te traethylam m oniura
V v o lta g e
Vh h o ld in g  p o te n t ia l
Vo command p o te n t ia l
Vm membrane p o te n t ia l
Vp patch p o te n t ia l
U n its :
Gil. gigaohm
pA picoampere
pS p icosiem en
M m o la r
mM m il l im o la r
ms m il l is e c o n d
mV m i l l i v o l t
pA m icroampere
juM m ic rom o la r
pm m icrom ete r
M il mega ohm
nA nanoampere
8 second
SUMMARY
1. The vo ltag e -d ep e nd e n t inw ard  c u rre n t response to  5-HT in  
th e  Cl neurone o f H e lix  aspersa was in v e s t ig a te d  u s in g  both  patch 
clamp and v o lta g e  clamp te ch n iq u e s .
2 . S in g le  channel outw ard c u r re n ts  were re co rd ed  from  
c e l l - a t ta tc h e d  pa tches o f th e  01 neurone. Two s iz e s  o f  outw ard  
channel c u rre n ts  w ere commonly observed. The a n a l1 e r o f these  had 
a s lope  conductance o f l4 .2 ± 2 .1 p S  a t  a patch  p o te n t ia l  o f  +10mV, 
w h i ls t  th e  la rg e r  had a s lope conductance o f 5 3 .8 ‘—3.3pS a t  a patch 
p o te n t ia l  o f +10mV.
3 . The c u r re n t-v o lta g e  r e la t io n s h ip s  o f  s in g le  channel 
c u r re n ts  recorded  from  c e l l-a t ta c h e d  patches o f th e  01 neurone 
c o u ld  be f i t t e d  w ith  th e o r e t ic a l r e la t io n s h ip s  c a lc u la te d  from  the  
G oldm an-Hodgkin-Katz e q u a tio n  f o r  K c u r re n ts .
4 . E xperim ents where th e  K c o n c e n tra t io n  in s id e  th e  patch  
p ip e t te  was a lte r e d  suggested th a t  the  s in g le  channel outw ard  
c u r re n ts  were c a r r ie d  by K^ io n s .
5 . Recordings o f  s in g le  channel c u r re n ts  made f r a n  is o la te d  
o u ts id e -o u t membrane patches, w ith  s o lu t io n s  c o n ta in in g  d i f f e r e n t  
K^ c o n c e n tra t io n s , co n firm e d  th a t  the  la r g e r  u n ita ry  outw ard  
c u r re n ts  were c a r r ie d  by K^ io n s .
6 . 5-HT a p p lie d  to  th e  Cl neurone, f ra n  o u tw ith  the  patch 
p ip e t te ,  reduced th e  a c t i v i t y  o f  channels, w ith  a mean conductance 
o f  54pS, in  th e  c e l l- a t ta c h e d  p a tch .
7 . P e rfu s in g  th e  in n e r  s u rfa c e  o f is o la te d  in s id e - o u t  membrane 
patches w ith  d i f f e r e n t  f r e e  c o n c e n tra t io n s , re ve a le d  th e  
presence o f bo th  Ca-dependent K channels and C a-independent K 
channe ls . The Ch-dependent K channe ls  had a s lope conductance o f 
50+  l ip s  a t  a pa tch  p o te n t ia l  o f  +10 mV. The C a-independent K 
channe ls  had a s lo p e  conductance o f 7 9 ’t l5 p S  a t  a pa tch  p o te n t ia l  
o f  +10mV.
V.
8 . V o ltage  clamp e xpe rim en ts  were perform ed to  in v e s t ig a te  
f u r th e r  the  Ch-de pendency o f th e  5-HT response. 5-HT reduced th e  
ca lc ium -dependen t component o f th e  outward c u r re n t  in  some Cl 
neurones. T h is  Ca-dependent component was observed as an "N" shape 
i n  th e  c u r re n t- v o lta g e  r e la t io n s h ip .
9 . The e f fe c t s  o f  i n t r a c e l l u l a r  BGTA an Ca in je c t io n  on th e  
Cl neurone response to  io n o p h o re t ic a l ly  a p p lie d  5-HT were 
examined. The 5-HT response was n o t in c re a se d  by Ca in je c t io n ,  but 
was decreased by EGTA in je c t io n  a t  d e p o la r is e d  p o te n t ia ls .
10. 50pM v e ra p a m il had no e f fe c t  on th e  response to  
ionophoresed  5-HT. However, th e  e f fe c t  o f  a n o m in a lly  ze ro  Ca 
s o lu t io n  was in c o n c lu s iv e .
11. The p o s s ib le  r o le  o f cAMP as an i n t r a c e l l u l a r  messenger in  
m e d ia tin g  th e  5-HT response was examined. I n t r a c e l lu la r  in je c t io n  
o f  cAMP produced an inw ard  c u rre n t s im i la r  to  th e  5-HT response. 
The phosphod ieste rase  in h ib i t o r s  IB MX and th e o p h y ll in e  a ls o  induced 
in w a rd  c u rre n ts  and b locked  th e  response to  5-HT.
12. S in g le  channel re c o rd in g s  were made from  the  A and M 
neurones and th e  e f fe c t  o f 5-HT a p p l ic a t io n  was observed . The A 
and M neurones re c e iv e  s y n a p tic  in p u t  f r a n  th e  5-HT c o n ta in in g  Cl 
neurone.
13. S in g le  channel c u rre n ts , which reve rse d  a t  around -50mV, 
patch  p o te n t ia l ,  cou ld  be reco rded  from  th e  A neurone. The 
a c t i v i t y  o f these channels was in c re a se d  when 5-HT was 
m ic ro p e rfu se d  on to  th e  A neurone. The io n ic  n a tu re  o f th e  channels 
reco rded  from  the  A neurone was n o t de te rm ined .
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INTROJXJCTION
1.1 NEUROTRANSMISSION
In  m u lt i c e l lu la r  an im a ls  i t  i s  necessary to  have a means o f
com m unicating between c e l ls  o r groups o f c e l ls .  I n  th e  nervous
system, com m unication between neurones i s  u s u a lly  ra p id  and may be 
o f  an e le c t r ic a l  o r chem ical n a tu re . The s i t e  a t  w h ich
in t e r  neuronal com m unication occurs  i s  c a l le d  th e  synapse. 
E le c t r ic a l  synapses in v o lv e  th e  d ir e c t  t r a n s fe r ,  w ith o u t m easurable 
d e la y , o f  e le c t r ic a l  in fo rm a tio n  from  one neurone to  a n o th e r. T h is  
u s u a lly  takes p lace  a t  s i te s  seen, under e le c tro n  m ic roscopy , to  
resem ble gap ju n c t io n s .
At chem ical synapses th e  t r a n s fe r  o f in fo rm a t io n  from  one 
neurone to  a n o th e r t y p ic a l ly  has a de lay  o f some m il l is e c o n d s .  I t  
occurs  by the  re le a s e  o f a chem ical substance frcxn th e  te rm in a ls  o f  
the  p re s y n a p tic  neurone, which then  a l t e r s  membrane conductance a t  
th e  p o s ts y n a p tic  s i t e .  Such substances a re  re fe r re d  to  as a
t ra n s m it te rs  o r n e u ro tra n s m itte rs .  T ra n s m itte rs  w ere once th o u g h t 
to  a c t by causing  o n ly  in c re a se s  i n  conductance to  s p e c i f ic  io n s  a t  
th e  p o s ts y n a p tic  s i t e .  However, i t  i s  now appa ren t t h a t  
n e u ro tra n s m itte rs  can a ls o  decrease io n ic  conductances a t  many 
s i te s .  P e r ip h e ra lly ,  t ra n s m it te rs  ope ra te  a t  th e  synapse between 
th e  neurone and e f fe c to r  organ.
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The n a tu re  o f th e  substances a c t in g  as n e u ro tra n s m it te rs  has 
been in v e s t ig a te d .  In  1964 E cc les  rev iew ed a number o f c r i t e r i a  
w h ich  were th o u g h t to  be im p o rta n t i n  e s ta b lis h in g  a substance as a 
n e u ro tra n s m it te r .  These c r i t e r i a  in c lu d e d :
a ) th e  substance , a lo n g  w ith  enzymes f o r  i t s  s y n th e s is , 
shou ld  be p re se n t w i th in  th e  p re s y n a p tic  neurone.
b) s t im u la t io n  o f  th e  p re s y n a p tic  neurones shou ld  r e s u l t  
i n  th e  re le a s e  o f  m easurable q u a n t i t ie s  o f  th e  
substance from  th e  te rm in a ls .
c ) th e  p u ta t iv e  t r a n s m it te r  and th e  endogenous 
t r a n s m it te r ,  re le a se d  upon s t im u la t io n  o f  th e  
p re s y n a p tic  neurones, must have th e  same e f fe c t  on 
th e  p o s ts y n a p t ic  neurones.
d) d rugs w h ich  b lo c k  th e  a c t io n  o f the  t r a n s m it te r  
c a n d id a te  must a ls o  b lo c k  th e  p o s ts y n a p tic  a c t io n  o f 
th e  endogenous t r a n s m it te r .
e) f i n a l l y ,  a mechanism shou ld  be p resen t w i t h in  th e  
t is s u e  f o r  th e  te rm in a t io n  o f  th e  a c t io n  o f th e  
t r a n s m it te r  c a n d id a te .
In  many p re p a ra t io n s  i t  i s  n o t p o s s ib le  to  s a t is f y  a l l  o f 
these c r i t e r i a  due to  te c h n ic a l d i f f i c u l t i e s .  For example th e  
measurement o f re le a s e  may n o t be p o s s ib le  due to  th e  sm a ll 
q u a n t i t ie s  in v o lv e d .  However, some compounds a re  g e n e ra lly  
e s ta b lis h e d  to  have a n e u ro tra n s m itte r  r o le .  These in c lu d e  
a c e ty lc h o lin e ,  n o ra d re n a lin e , gam m a-am inobutyric a c id ,
5 -h y d ro x y try p ta m in e  (5 -H T ), g lu ta m a te  and g ly c in e .  In  a d d it io n .
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th e  n e u ro tra n s m it te r  r o le  o f many p e p tid e s  i s  be ing  e s ta b lis h e d . 
S ince t h is  s tudy concerns 5-HT, i t  i s  in te n d e d , in  th e  fo l lo w in g  
s e c t io n ,  to  rev iew  some o f th e  evidence fo r  th e  n e u ro tra n s m itte r  
r o le  o f  5-HT.
A t some s i te s  th e  e f f e c t  o f  5-HT and o th e r n e u ro tra n s m itte rs  
may be termed ’’m o d u la to ry " . The term  "m o d u la tio n ", as used i n  t h is  
th e s is ,  r e fe r s  to  an a c t io n  o f a n e u ro tra n s m it te r  w h ich  de te rm ines 
th e  e ffe c t iv e n e s s  o f o th e r  s y n a p tic  co nn e c tio n s . The s i t e  o f 
m o d u la tio n  can be a t  th e  p re s y n a p tic  te rm in a ls ,  where th e  
m o d u la to ry  t r a n s m it te r  can e f fe c t  t r a n s m it te r  re le a s e . I t  may a ls o  
be a t  th e  p o s ts y n a p tic  s i t e  where i t  can a l t e r  th e  response o f th e  
c e l l  to  o th e r in p u ts .
1 .2  NEUROTRANSMITTER ROLE OF 5-HT IN MAMMALS
5 -h y d ro x y try p ta m in e  (5-HT o r s e ro to n in )  i s  an in d o la lk y lam ine  
w h ich  was f i r s t  c h e m ic a lly  c h a ra c te r is e d  by R apport in  1949 from  
e x t r a c ts  o f b lood  serum. The presence o f 5-HT was d e te c te d  w i t h in  
th e  mammalian b ra in  by Twarog and Page in  1953, u s in g  a b ioassay on 
th e  clam h e a r t (Venus m e rc e n a ria ) and u n id im e n s io n a l paper 
chrom atography. Amin, C raw ford  and Gaddum (1954) a ls o  e s ta b lis h e d  
th e  presence o f 5-HT w i t h in  th e  mammalian b ra in  by th e  use o f 
b ioassay and ch ro n a to g ra p h y . The t is s u e  w hich the y  used f o r  the  
b ioassay was more s e le c t iv e  f o r  5-HT and they extended th e  s tudy to  
de te rm ine  th e  d is t r ib u t io n  o f  5-HT w ith in  th e  c e n t ra l nervous 
system (CNS), The developm ent o f a h is t  o f1uor e s ce nee te ch n iq u e  by 
F a lk , H i l la r p ,  Thiane and Torp (1962) made i t  p o s s ib le  to  d i r e c t ly
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v is u a l is e  5-HT w i th in  neurones o f th e  CNS, T h is  techn ique  in v o lv e s  
th e  condensing o f  amines w ith  fo rm a ldehyde, and, a lthough  i t  a ls o  
causes p rim a ry  ca techo lam ines to  f lu o re s c e ,  5-HT f lu o re s c e s  w ith  a 
lo n g e r  w ave leng th , y e llo w  c o lo u r  e n a b lin g  i t s  d is t in c t io n  (F a lk , 
1962) .  Em ploying t h i s  te c h n iq u e , D ahlstrom  and Fuxe ( 1965a,b) 
found  th a t  5-HT was p resen t in  neurone somata ,  w hich were lo c a te d  
la r g e ly  in  the  b ra in  stem raphe n u c le i.  B ra in  stem s e ro to n e rg ic  
(5 -H T -c o n ta in in g ) neurones p ro je c t  to  most re g io n s  o f th e  CNS 
(Fuxe, 1965) .  The f in d in g s  o f D ahlstrom  and Fuxe (1965a,b ) were 
co n firm e d  and extended by S te inbusch  (1 9 8 1 ), u s in g  im m unohisto - 
flu o re s e e n e e . S e ro to n e rg ic  neurones, as w e l l  as be ing  p resen t in  
th e  b ra in  stem raphe n u c le i,  were found  i n  seme a reas  o u tw ith  th e  
b ra in  s tan  (S te in b u sch , 1981). V i r t u a l l y  a l l  re g io n s  o f th e  CNS 
frcan the  f r o n t a l  c o r te x  to  s a c ra l s p in a l co rd  re c e iv e  some 
in n e rv a t io n  f ra n  s e ro to n e rg ic  neurones, im p ly in g  th a t  5-HT may have 
an im p o rta n t n e u ro tra n s m it te r  fu n c t io n  in  th e  CNS.
S tu d ie s  on th e  e f fe c t  o f s e ro to n e rg ic  neurone s t im u la t io n  and 
5-HT a p p lic a t io n  on p o s ts y n a p tic  neurones have p ro v ide d  fu r t h e r  
ev idence  f o r  the  n e u ro tra n s m it te r  r o le  o f 5-HT in  th e  mammalian 
CNS. Neurones o f  th e  r a t  hippocampus re c e iv e  m onosynaptic 
in n e rv a t io n  f re e  th e  median raphe n uc leu s , where la rg e  nunbers o f 
s e ro to n e rg ic  neurones a re  lo c a te d  (S ega l, 1975). S t im u la t io n  o f  
th e  raphe neurones and io n o p h o re s is  o f  5-HT in h ib i t e d  th e  a c t i v i t y  
o f  h ippocam pal neurones in  th e  CA1 re g io n . Both o f these a c t io n s  
were p a r t i a l l y  b locked  by s e ve ra l 5-HT a n ta g o n is ts ,  in c lu d in g  
m e thyse rg ide  (S ega l, 1975). L a te r  s tu d ie s  on th e  h y p e rp o la r is in g  
a c t io n  o f 5-HT on r a t  h ippocam pal neurones have in d ic a te d  th a t  i t
i s  due to  an in c re a se  in  K conductance (gK) (S ega l, 1980). 
Neurones o f th e  amygdala and su p ra ch ia sm a tic  nuc leu s  re c e iv e  dense 
s e ro to n e rg ic  in n e rv a t io n .  A p p lic a t io n  o f 5-HT o n to  th e  amygdala 
(Wang and A g jia ja n ia n , 1977) and su p ra ch ia sm a tic  n uc leus  (Blocm, 
H o f fe r ,  S ig g in s , B arke r and N ic o l l ,  1972), in h ib i t e d  a c t i v i t y  in  
these  re g io n s , m im ick in g  th e  e f fe c t  o f raphe s t im u la t io n .
The r o le  o f 5-HT as a t r a n s m it te r  in  th e  m o d u la tio n  o f m otor 
neurone a c t i v i t y  has been s tu d ie d . S tu d ie s  o f  th e  e f fe c t  o f 
io n o p h o re t ic  a p p l ic a t io n  o f 5-HT on to  m otor neurones have o fte n  
g iv e n  co n fu s in g  r e s u l t s ,  sometimes h av ing  no e f f e c t  and sometimes 
caus ing  in h ib i t i o n  o r e x c i ta t io n  (see re v ie w  by Anderson and 
P r o u d f i t ,  1981) .  T h is  c o n fu s io n  has a r is e n  because th e  a c t io n  o f
5-HT on m otor neurones i s  m o d u la to ry . 5-HT in c re a s e s  th e  
e x c i t a b i l i t y  o f th e  m otor neurone to  o th e r in p u ts ,  bu t does n o t 
i t s e l f  e l i c i t  a c t io n  p o te n t ia l  f i r i n g .  M cCall and A gha jan ian  
( 1979) s tu d ie d  m otor neurone a c t i v i t y  in  th e  r a t  f a c ia l  nuc leus . 
They found  th a t  io n o p h o re t ic  a p p l ic a t io n  o f 5-HT a lo ne  f a i le d  to  
e x c ite  f a c ia l  m otor neurones. However, a p p l ic a t io n  o f 5-HT 
d ra m a t ic a lly  f a c i l i t a t e d  s u b th re s h o ld  and th re s h o ld  e x c ita to r y  
e f fe c ts  o f io n o p h o re t ic a l ly  a p p lie d  g lu ta m a te  on these c e l ls .  
A d d i t io n a l ly ,  5-HT f a c i l i t a t e d  s u b th re s h o ld  and th re s h o ld  
e x c i t a t io n  o f f a c ia l  m otor neurones produced by s t im u la t io n  o f th e  
m otor c o r te x  and red  n uc leu s .
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T h is  f a c i l i t a t i o n  by 5-HT was tho u gh t to  be a s p e c i f ic  
re c e p to r  m ed ia ted  e f f e c t  s in ce  i t  was b locked  by m e thyse rg ide , 
which had no e f f e c t  on n o ra d re n a lin e  produced f a c i l i t a t i o n .  5-HT 
re le a s e d  frcxn te rm in a ls  in  th e  f a c ia l  n uc leus  may be the  
p h y s io lo g ic a l m e d ia to r o f t h i s  e f f e c t  s in c e , p -ch loroam phetam ine , 
w h ich  causes th e  re le a s e  o f  5-HT a ls o  f a c i l i t a t e d  th e  e x c ita to ry  
e f fe c ts  o f  g lu ta m a te , bu t n o t a f t e r  p re tre a tm e n t w ith  
p -c h lo ro p h e n y la la n in e , a 5-HT s y n th e s is  i n h ib i t o r  (M cC all and 
A gh a ja n ia n , 1979). The in c re a s e d  e le c t r ic a l  e x c i t a b i l i t y  produced 
by 5-HT was a s s o c ia te d  w ith  an in c re a se  in  in p u t  re s is ta n c e  o f th e  
m otor neurones (Van der Mae len and A gha jan ian , 1980;1982).
E xperim en ts  com paring th e  5-HT response w ith  responses to  o th e r 
t r a n s m it te r s ,  o f  known io n ic  mechanism, in d ic a te d  th a t  th e  most 
l i k e l y  mechanism was a decrease in  gK (Van de r Nfeelen and
A gha jan ian , 1982). A s im i la r  m odu la to ry  e f fe c t  o f  5-HT has been 
d e sc r ib e d  in  r a t  lum bar s p in a l motor neurones (W h ite  and Neuman, 
1980).
A n e u ro tra n s m it te r  r o le  f o r  5-HT has been e s ta b lis h e d  i n  th e  
p e r ip h e ra l nervous system . In  the  c o e lia c  g a n g lio n  o f  the  
g u in e a -p ig , ev idence sugges ts  t h a t  th e  slow e x c ita to r y  p o s ts y n a p tic  
p o te n t ia l  (e p s p ), produced by s t im u la t io n  o f th e  g re a te r  s p la n c h n ic  
ne rves , i s  m ed ia ted  by 5-HT in  some c e l ls  (Dun and Ma, 1984; Dun,
K ir a ly  and Ma, 1 984 ). A p p lic a t io n  o f 5-HT m im icked th e  e f fe c t  o f
the  slow epsp, even in  low  Ca h ig h  Mg s o lu t io n ,  in d ic a t in g  th a t  i t  
was a d ir e c t  p o s ts y n a p t ic  e f f e c t .  The 5-HT a n ta g o n is t 
cyp ro he p ta d in e  b lo cke d  bo th  th e  5-HT response and th e  slow epsp.
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P e rfu s io n  o f the  g a n g lio n  w ith  5-HT a ls o  b locked  th e  slow epsp, 
presum ably by a f fe c t in g  th e  same c u r re n t .  F lu o x e lin e , which b locks  
th e  reup take  o f 5-HT and a ls o  L - t r y p to # ia n ,  a p re c u rs o r o f 5-HT, 
both  enhanced th e  slow epsp, in d ic a t in g  th a t  th e  s y n a p t ic  response 
i s  due to  th e  re le a s e  o f 5-HT. F u rthe rm ore , 5-HT 
im m unoh is to fluo ressence  was d e te c te d  in  f ib r e s  su rro u n d in g  many 
c o e lia c  neurones (Dun, K ir a ly  and Ma, 1984). As w ith  the  5-HT 
responses o f th e  lum bar and f a c ia l  m otor neurones, those o f the  
c o e lia c  g a n g lio n  were a s s o c ia te d  w ith  an in c re a s e  in  in p u t 
re s is ta n c e .  The response was in s e n s i t iv e  to  in t r a c e l l u l a r  d  
le v e ls ,  and th e  most l i k e l y  io n ic  mechanism was th o u g h t to  be a 
decrease in  gK (Dun and Ma, 1984).
In  th e  m y e n te ric  p lexus  o f th e  g u in e a -p ig  s m a ll in te s t in e ,  the  
c r i t e r i a  o f E cc les  (1964) have been f u l f i l l e d  f o r  th e  e s ta b lish m e n t 
o f  5-HT as a n e u ro tra n s m it te r  (Wood and Mayer, 1979b). Wood and 
Mayer (1979a) d e sc rib e d  a slow epsp w h ich  o ccu rre d  in  to n ic  type  
m y e n te r ic  g a n g lio n  c e l ls  upon e le c t r ic a l  s t im u la t io n  o f 
in te r g a n g l io n ic  f ib r e s .  T h is  slow epsp, which was accompanied by 
an in c re a s e  in  in p u t re s is ta n c e , re s u lte d  in  th e  augm en ta tion  o f 
e x c i t a b i l i t y  i n  m ye n te ric  neurones. Wood and Mayer (1979b) 
e s ta b lis h e d  th a t  th e  slow epsp co u ld  be m im icked by a p p l ic a t io n  o f 
exogenous 5-HT. The presence o f 5-HT and try p to p h a n  h yd ro xy la se , 
th e  enzyme re q u ire d  f o r  i t s  s y n th e s is , th e  re le a s e  o f 5-HT upon 
tra n s m u ra l s t im u la t io n  and a h ig h  a f f i n i t y  uptake system fo r  5-HT 
in  th e  m y e n te ric  p le xus , have a l l  been d esc ribe d  p re v io u s ly  by 
o th e r  w o rke rs , as d iscussed by Wood and Mayer (19 79 b ). The s tu d ie s  
o f  Wood and Mayer (1979b) com pleted th e  c r i t e r i a  o f  E cc les  (1964)
f o r  the  e s ta b lis h m e n t o f 5-HT as a n e u ro tra n s m it te r  i n  th e  
m y e n te ric  p le x u s . Both th e  response to  5-HT and th e  slow epsp were 
b locked  by th e  5-HT a n ta g o n is t m e thyserg ide , w h i ls t  ta c h y p h a la x is , 
due to  r e la t i v e l y  h igh  c o n c e n tra t io n s  o f 5-HT, a ls o  b locked  th e  
slow epsp, th u s  in d ic a t in g  th a t  th e  slow epsp i s  due to  a re le a se  
o f 5-HT from  p re s y n a p tic  neurones. The r e s u l t s  d iscussed above 
th e re fo re  p ro v id e  f i r m  evidence f o r  the  r o le  o f 5-HT as a 
n e u ro tra n s m it te r  i n  th e  re g u la t io n  o f g a s t r o in te s t in a l  fu n c t io n .
1 .2 .1  MAMMALIAN 5-HT RECEPTORS
A lthough  th e  d i f f e r e n t  5-HT re c e p to r  types  a re  no t o f p rim a ry  
concern  to  t h i s  th e s is ,  i t  i s  in te r e s t in g  to  no te  th a t  a t  le a s t  
th re e  typ e s  o f mammalian 5-HT re c e p to rs  have been d e sc r ib e d . 5-HT 
re c e p to r  h e te ro g e n e ity  was f i r s t  e s ta b lis h e d  i n  th e  g u in e a -p ig  
ile u m  by Gaddum and P ic a r e l l i  (1 9 5 7 ), who showed th e  e x is te n ce  o f 
two re c e p to r  type s  w h ich  they  named th e  *M’ and ’ D* re c e p to rs . In  
la t e r  w ork two d i f f e r e n t  5-HT b in d in g  s i te s  (5-HT^ and 5-HTg) were 
found i n  b ra in  t is s u e  (P eroutka  and S nyder, 1979). The 
c h a r a c te r is t ic s  o f  th e  5-HT^ s i t e  have been found  to  c o r re la te  w e l l  
w ith  the  'D* re c e p to r  and a ls o  w ith  th e  fu n c t io n a l 5-HT re c e p to r  
m e d ia tin g  a v a r ie ty  o f responses in  th e  b ra in .  However, th e  5-HT^ 
s i t e  d i f f e r s  frcxn both  th e  ’ M' and ’ D’ re c e p to rs  and i t s  fu n c t io n a l 
s ig n if ic a n c e  i s  u n c e r ta in .  Fu rthe rm ore , i t  i s  becoming a ppa ren t 
th a t  th e  5-HT^ b in d in g  s i t e  i s  n o t homogenous, and c o n s is ts  o f a t  
le a s t  th re e  subtypes (B ra d le y , E ngel, Fenu ik , Fozard, Humphrey, 
M idd lem iss , % le c h a ra n e , R ichardson  and Saxena, 1986 ).
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Three d i f f e r e n t  5-HT re c e p to r  types i n  th e  b ra in  have been 
d e sc rib e d  frcxn e le c t r o p h y s io lo g ic a l data (A g ha ja n ian , 1981), The 
d i f f e r e n t  nom encla tures have le a d  to  co n fu s io n  in  th e  f i e l d  o f 5-HT 
re c e p to rs  and a new c la s s i f ic a t io n  ( r e fe r r in g  to  re c e p to rs  as 
• 5 -H T ^ - l ik e * , 5-HTg and 5-HT^) has been proposed by B ra d le y  e t a l 
( 1986) .  T h is  c la s s i f ic a t io n  and th e  fu n c t io n a l ro le  o f th e  
re c e p to rs  in  th e  mammalian nervous system a re  summarised in  ta b le  
1 .1 . The *M' re c e p to r  o f Gaddum and P ic a r e l l i  (1957) was renamed 
th e  5-HTg re c e p to r .  The c la s s i f ic a t io n  o f th e  5 -HT2 and S-HT^ 
re c e p to rs  has been a s s is te d  by the  f in d in g  o f  the  s e le c t iv e  
a n ta g o n is ts  k e ta n s e r in  and MDL72222
( 1 # H ,3 # ,5 # H - t r o p a n - 3 y l- 3 ;5 -d ic h lo ro b e n z o a te )  re s p e c t iv e ly ,  f o r  
these  re c e p to rs . However, due to  a la c k  o f  s e le c t iv e  a n ta g o n is ts , 
th e  re c e p to rs  co rre sp on d ing  to  th e  5-HT^ b in d in g  s i t e s  have n o t 
been w e l l  c h a ra c te r is e d  and were th e re fo re  re fe r re d  to  as 
’ 5 -H T ^ - l ik e ’ re c e p to rs  (B ra d le v  e t  a l .  1986).
1 .3 NEUROTRANSMITTER ROLE OF 5-HT IN INVERTEBRATE NERVOUS SYSTEMS
The presence o f 5-HT in  an in v e r te b ra te  (m o llu sca n ) nervous 
system was f i r s t  shown by Welsh (1 9 54 ), u s in g  th e  clam h e a r t as a 
b io a ssa y . In  a la t e r  s tu d y , w ith  th e  more s p e c i f ic  tech n iq ue  o f 
s p e c tro flu o re s c e n c e , Welsh and Moorhead ( I 96O) made a com parison o f  
th e  5-HT c o n te n t o f a number o f in v e r te b ra te  g roups . Of th e  groups 
w h ich  they s tu d ie d , th e  nervous system s o f m o llu s c s  had th e  h ip e s t  
le v e ls  o f  5-HT. G ang lia  o f b iv a lv e  m o llu scs  had fro m  8 to  60jug/g 
t is s u e ,  w h ile  those o f g as tro p od  m o llu scs  had 1.2 to  l l ^ g / g
— 1 0 “
t is s u e .  A n n e lid  g a n g lia  a ls o  had h i ^  le v e ls  o f 5-HT (3 .1  to
1 0 .4pg /g  t is s u e ) .  However, th e  a rth ro p o d s , echinoderm s and 
p ro to c h o rd a te s  had o n ly  sm a ll amounts o f 5-HT (W elsh, 1968). As
w ith  the  mammalian CNS, 5-HT w i t h in  in v e r te b ra te  nervous sys tans
has been shown, by h is to f lu o re s c e n c e  te ch n iq u e s , to  be lo c a l is e d
w i t h in  neurones (D ah l, F a lk , von M ecklenburg and M yhrberg, 1966; 
Rude, 1966; Sedden, W alker and K e rk u t, 1968), In  some 
p re p a ra t io n s , f o r  example m o llu s c s , i t  i s  p o s s ib le  to  lo c a te  
id e n t i f ie d  s e ro to n e rg ic  neurones ( C o t t r e l l  and Osborne, 1970; 
W e in re ich , McCaman, McCaman and Vaughn, 1973).
1 .3 .1  THE SUITABILITY OF THE MDLLUSCAN NERVOUS SYSTEM FDR
TRANSMITTER STUDIES
The h ig h  le v e ls  o f 5-HT p re se n t in  th e  g a n g lia  o f m o llu scs  
(Welsh and Moorhead, I960 ) sugges ts  th a t  5-HT may have an im p o rta n t 
t r a n s m it te r  r o le  in  m o llu s c s . The m o lluscan  nervous system 
p re se n ts  a u s e fu l p re p a ra t io n  f o r  th e  s tudy  o f p u ta t iv e
n e u ro tra n s m it te rs .  The neurone somata  o f m o llu scs  a re  g e n e ra lly  
la rg e  and lo c a te d  on th e  o u te r  su rfa ce  o f th e  g a n g lia .  Neurones 
can o f te n  be id e n t i f ie d  by t h e i r  s iz e  and p o s i t io n  in  th e  g a n g lia
and th e  la rg e  s iz e  o f many c e l ls  p e rm its  than  to  be is o la te d  f o r
b io che m ica l s tu d ie s  ( f o r  example C o t t r e l l  and P o w e ll, 1971). 
F u rthe rm ore , th e  a b i l i t y  to  id e n t i f y  s y n a p tic  co n n e c tio n s  between 
s p e c i f ic  neurones a llo w s  a com parison o f th e  e f fe c t  o f s t im u la t in g  
an in d iv id u a l  p re s y n a p tic  neurone, w ith  th e  e f f e c t  o f a p p l ic a t io n  
o f  a p u ta t iv e  n e u ro tra n s m it te r .  For t h is  reason, much w ork on th e  
t r a n s m it te r  r o le  o f 5-HT has been c a r r ie d  o u t on m o llu s c s , and one
-  11 -
example o f a s p e c i f ic  synapse a t  w h ich  5-HT has been shown to  be 
th e  n e u ro tra n s m it te r  i s  d esc rib e d  below. S ince th e  p resen t study 
concerns a response to  5-HT in  a m o lluscan  neurone, much o f the  
in t r o d u c t io n  w h ich  fo l lo w s  co n ce n tra te s  on m o llu sca n  system s, w ith  
re fe re n c e s  to  re le v a n t  responses in  o th e r system s.
1 .3 .2 .  THE Cl NEURONE-BUCCAL NEURONE CONNECTIONS
In  th e  pulm onate m o llu s c s  H e lix  and L im ax, C o t t r e l l  and 
co -w o rke rs  have c a r r ie d  o u t a d e ta ile d  s e r ie s  o f  experim en ts on an 
id e n t i f ie d  s e ro to n e rg ic  neurone and i t  s y n a p tic  connec tions  ( f o r  
re v ie w s  see C o t t r e l l ,  1977; P e n tre a th , B erry  and Osborne, 1982), 
T h is  la rg e  s e ro to n e rg ic  neurone, lo c a te d  on th e  v e n t ra l su rface  o f 
each c e re b ra l g a n g lio n , has been c a lle d  th e  g ia n t  s e ro to n in  c e l l  o r 
neurone (GSC o r GSN) and la t e r ,  has been re fe r re d  to  as th e  Cl 
neurone. For the  purpose o f c o n t in u ity ,  i t  ^ a l l  be re fe r re d  to  as 
th e  Cl neurone h e re . The Cl neurone has been found  to  make 
s y n a p tic  co n n e c tio n s  w ith  some neurones in  th e  bucca l g a n g lia  
( C o t t r e l l ,  1970; 1971; C o t t r e l l  and Macon, 1974 ). S ince th re e  o f
these fo l lo w e r  neurones a re  la rg e  and e a s i ly  id e n t i f ie d  by t h e i r  
p o s i t io n  on th e  la t e r a l  edge o f each bucca l g a n g lio n , they are  
s u ita b le  f o r  making e le c t r o p h y s io lo g ic a l re c o rd in g s  o f p o s ts y n a p tic  
e f f e c t s .  Because o f t h e i r  p o s it io n s ,  a n te r io r ,  m idd le  and 
p o s te r io r  i n  th e  ^ m m e t r ic a l ly  lo c a te d  bucca l g a n g lia  ( C o t t r e l l ,  
1970), they a re  re fe r r e d  to  as th e  A, M and P neurones (see f ig u r e  
1 .1).
F igu re - 1.1
Diagram showing th e  lo c a t io n s  o f  th e  Cl neurones 
w ith in  th e  c e re b ra l g a n g lia  and th e  A, M and P ( a n te r io r ,  
m idd le  and p o s te r io r )  neurones w i th in  th e  bucca l g a n g lia .
The Cl neurone co u ld  e a s i ly  be id e n t i f ie d  by i t s  s iz e  and
p o s i t io n  on th e  v e n t ra l su rfa ce  o f each c e re b ra l
g a n g lio n . The A, M and P neurones co u ld  a ls o  be
id e n t i f ie d  by t h e i r  p o s i t io n  on th e  la t e r a l  edge o f each 
bucca l g a n g lio n .
buccal
gangl ia
cerebrobuccal
connectives
c e r e b r a
gangl ia
C1
lip nerves
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The presence o f 5-HT in  th e  Cl neurone o f H e lix  and Llm ax was 
d e te c te d  u s in g  fo rm a ldehyde h is to f lu o re s c e n c e  te ch n iq u e s  ( C o t t r e l l  
and Osborne, 1970). P r io r  tre a tm e n t w ith  re s e rp in e , w hich i s  known 
to  d e p le te  the  5-HT c o n te n t o f neurones, d im in is h e d  th e  5-HT 
f lu o re s c e n c e . B ioassays o f  e x tr a c ts  o f in d iv id u a l ly  d is s e c te d  Cl 
neurone p e r ik a ry a , e s ta b lis h e d  th a t  each p e r ik a ry o n  in  L im ax and 
H e lix  co n ta in e d  about 1 ng o f  5-HT ( C o t t r e l l  and Osborne, 1970). 
Th in  la y e r  ch rom a tog raph ic  a n a ly s is  o f  ^ ^ C - la b e lle d  d a n s y lc h lo r id e  
t re a te d  hcxnogenates o f  01 neurones and P neurones in d ic a te d  th e  
presence o f 5-HT w i t h in  th e  Cl neurone but n o t in  th e  bucca l 
neurone (Osborne and C o t t r e l l ,  1971).
B iochem ica l s tu d ie s  on th e  Cl neurones o f H e l ix  pom atia  have 
e s ta b lis h e d  th e  presence o f th e  enzymes re q u ire d  f o r  th e  s y n th e s is  
o f  5-HT. Is o la te d  Cl neurones, in cu b a te d  w ith  t r i t i a t e d  
5 -h y d ro x y try p to p h a n , (5-HTP; th e  p re c u rs o r o f 5-HT) were a b le  to  
c o n v e rt t h is  to  5-HT, but n o n -s e ro to n e rg ic  neurones co u ld  n o t 
accum ula te  t r i t i a t e d  5-HT when in c u b a te d  w ith  t r i t i a t e d  5-HTP 
( C o t t r e l l  and P ow e ll, 1971). L a te r  i t  was shown th a t  o n ly  
5 -H T -c o n ta in in g  neurones co u ld  s p e c i f i c a l l y  take  up 5-HTP, w h i ls t  
try p to p h a n  can be take n  up by a l l  H e lix  neurones, but i s  o n ly  
m e tab o lise d  to  5-HTP in  s e ro to n e rg ic  neurones (P e n tre a th  and 
C o t t r e l l ,  1973). E xperim ents  on th e  hcxnologous s e ro to n e rg ic  c e l l  
i n  A p lv s la  ( th e  m e ta ce re b ra l c e l l  o r MCC) have a ls o  e s ta b lis h e d  th e  
presence o f the  enzymes re q u ire d  f o r  5-HT s y n th e s is  (E is e n s ta d t,  
Goldman, Kandel, K o ike , K oeste r and S chw artz , 1973; W e in re ic h , 
McCaman, McCaman and Vaughn, 1973). I t  has been shown, frcxn axona l
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l ig a t u r e  e xpe rim en ts  in  both H e lix  and Ap lv s ia .  th a t  5-HT,
s y n th e s is e d  in  th e  soma can be tra n s p o rte d  down th e  axon tcw ards 
th e  te rm in a ls  (Osborne and C o t t r e l l ,  1970; Goldman and Schw artz, 
1974 ). The re le a se  o f 5-HT on s t im u la t io n  o f a s in g le  MCC has been 
d e te c te d  in  A n lv s ia  by G e rsche n fe ld , Hamon and P a u p a rd in -T r its c h
( 1976) .  S y n a p tic  c o n n e c tio n s  between th e  homologous s e ro to n e rg ic
neurone and th e  bucca l neurones have a ls o  been e s ta b lis h e d  in  both 
A n lv s ia  and Limax (G e rsch e n fe ld  and P a u p a rd in -T r its c h , 1974b; 
G e lp e r in ,  1975).
In  v iew  o f the  s e ro to n e rg ic  n a tu re  o f th e  Cl neurone, the  
s y n a p t ic  co n n e c tio n s  w h ich  i t  makes w ith  th e  A, M and P neurones o f  
the  b ucca l g a n ^ ia  have been examined to  de te rm ine  i f  5-HT i s  th e  
t r a n s m it te r  substance. S t im u la t in g  th e  Cl neurone causes epsps in  
both  th e  M and P neurones, w h i ls t  i n  th e  A neurone no c le a r  epsps 
a re  seen bu t a s e r ie s  o f  membrane o s c i l la t io n s  occur ( C o t t r e l l ,  
1971; C o t t r e l l  and Macon, 1974). The e f fe c ts  o f  Cl neurone 
s t im u la t io n  can be m im icked by a p p lic a t io n  o f  5-HT on to  th e  
f o l lo w e r  neurones. The in t e r e s t in g  response o f th e  A neurone was 
la t e r  shown to  be a vo lta g e -d e p e n d e n t d e p o la r is a t io n  (C o t t re L l
1981) .  T h is  s h a l l  be d iscu ssed  in  more depth i n  a fo l lo w in g  
s e c t io n  - concerned p r im a r i ly  w ith  v o lta g e -dependent responses. 
However, most w ork in  d e te rm in in g  th e  t r a n s m it te r  m e d ia tin g  th e  
e f f e c t s  o f  Cl neurone s t im u la t io n  has been perfo rm ed on th e  
s y n a p t ic  co n n e c tio n s  between th e  Cl and M neurones, which r e s u lts
suggest to  be m onosynaptic  ( C o t t r e l l  and Macon, 1974 ).
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C o n firm a tio n  th a t  5-HT, w h ich  m im ics th e  g y n a p tic  response, i s  
th e  t r a n s m it te r  a t  t h is  s i t e  was o b ta in e d  from  experim en ts  us ing  
re s e rp in e , w hich i s  known to  d e p le te  th e  5-HT c o n te n t o f neurones. 
In je c t io n  o f re s e rp in e  in t o  a n im a ls  ove r a p e r io d  o f 3 days, 
im p a ire d , but d id  n o t a b o lis h  s y n a p tic  tra n s m is s io n  between th e  Cl 
neurone and M neurone. The d e m o n s tra tio n  th a t  a n ta g o n is ts  w hich 
b lo c k  th e  5-HT response , a ls o  b lo c k  th e  epsp was hampered by the  
la c k  o f  s p e c i f ic  5-HT a n ta g o n is ts .  However, m orphine was found  to  
i n h ib i t  the  response to  both  exogenous 5-HT and s y n a p tic  
s t im u la t io n .  The h ig h e r c o n c e n tra t io n  o f m orphine w hich was 
re q u ire d  to  b lo c k  th e  epsp was th o u g h t to  be due to  a deeper 
lo c a t io n  o f  p o s ts y n a p tic  re c e p to rs  in  the  n e u ro p ile  ( C o t t r e l l  and 
Macon, 1974).
A mechanism f o r  te rm in a t in g  th e  a c t io n  o f  s y n a p t ic a l ly  
re le a se d  5-HT from  th e  Cl neurone o f H e lix  has been e s ta b lis h e d . 
A u to ra d io g ra p h ic  s tu d ie s  re v e a le d  th a t  te rm in a l p rocesses in  th e  
lo c a t io n  o f the  synapses can s e le c t iv e ly  accum ulate t r i t i a t e d  5-HT 
(P e n tre a th  and C o t t r e l l ,  1973). In  A n lv s ia  th e  uptake o f 5-HT by 
th e  s e ro to n e rg ic  MCC has a ls o  been shown (G e rsch e n fe ld , Hamon and 
P a u p a rd in -T r its c h , 1976). These r e s u l t s  th e re fo re  e s ta b lis h  a 
t r a n s m it te r  r o le  f o r  5-HT in  m e d ia tin g  th e  e f fe c ts  o f  th e  Cl 
neurone o f H e lix  and th e  MCC o f  Ap lv s ia . A t these  s i te s  i t  has 
been p o s s ib le  to  f u l f i l  th e  c r i t e r i a  o f E cc les (1964) f o r  a s in g le  
id e n t i f ie d  p re s y n a p tic  neurone. Such a stucfy, u s in g  id e n t i f ie d
p re - and post s y n a p t ic  neurones, has n o t been p o s s ib le  in  th e  
mammalian CNS.
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1 .3 .3 .  MOLLUSCAN 5-HT RECEPTORS
As in  mammals, th e  5-HT re c e p to rs  o f m o llu scs  have been found 
to  be he te rogeneous. In  one s tudy on neurones o f  A p lv s ia  and H e lix  
(G erschenf e ld  and P a u p a rd in -T r its c h , 1974a), s ix  d i f f e r e n t  
responses to  5-HT were d is t in g u is h e d  on th e  b a s is  o f io n ic  
mechanism, t im e  course and pha rm aco lo g ica l p ro p e r t ie s .  The 
d i f f e r e n t  p ha rm aco log ica l p ro p e r t ie s  suggested t h a t  a t  le a s t  fo u r  
d i f f e r e n t  re c e p to rs  e x is te d .  Three o f th e  5-HT responses observed 
were d e p o la r is in g  and th re e  were h y p e rp o la r is in g ,  and, w h i ls t  fo u r  
responses were due to  a c o n ve n tio n a l in c re a se  in  membrane 
conductance (an open ing  o f  io n  ch a n n e ls ), two o th e rs  were due to  a 
decrease in  conductance (a c lo s in g  o f io n  channe ls  a lre a d y  open). 
A b r ie f  o u t l in e  o f these r e s u l t s  i s  g ive n  below and summarised in  
ta b le  1 .2 .
Two o f th e  d e p o la r is in g  responses re ve rse d  a t  about OmV, 
membrane p o te n t ia l  (Vm) and were m ediated by an in c re a s e  in  Na 
conductance (gN a). However, these two responses w ere  d is t in g u is h e d  
by t h e i r  tim e  courses and p ha rm aco log ica l p ro p e r t ie s .  The A 
response was a ’ fa s t*  d e p o la r is a t io n  w hich was b locked  by cu ra re  
( (+ ) -T C ) , ly s e r g ic  a c id  d ie th y la m id e  (LSD25), try p ta m in e , 
7 -m e th y ltry p ta m in e  (7-K F) and b u fo te n in e . The A* response was a 
' s lo w ’ d e p o la r is a t io n  and o f the  above a n ta g o n is ts ,  o n ly  b u fo te n in e  
was e f f e c t iv e  i n  p roduc ing  i t s  b lockade . Two o f the  
h y p e rp o la r is in g  responses were s im i la r ly  m ediated by an in c re a s e  in  
conductance. The B response, a ’ s lo w ’ h y p e rp o la r is a t io n ,  re ve rse d
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a t  -75mV and re s u lte d  from  an in c re a se  in  K conductance (g K ). 
However, th e  ’ fa s t *  h y p e rp o la r is in g  response (C response) re ve rse d  
a t  -56mV and was due to  an in c re a se  in  Cl conductance (g C l) .  The 
h y p e rp o la r is in g  responses co u ld  a ls o  be d is t in g u is h e d  by t h e i r  
d i f f e r i n g  s e n s i t i v i t y  to  a n ta g o n is ts .  The B response was b locked  
by LSD25, try p ta m in e , b u fo te n in e  and 5-m ethoxygram ine (5 -M 3 ), 
w h i ls t  th e  C response was b locked  by (+ )-TC , LSD25, T ryp tam ine  and 
n e o s tig m in e . A summary o f these  responses and t h e i r  a n ta g o n is ts  i s  
g iv e n  in  ta b le  1 .2 .
Two o f the  responses re p o r te d  by G e rsche n fe ld  and 
P a u p a rd in -T r its c h  (1974a) appeared to  in v o lv e  th e  c lo s in g  o f  io n  
channe ls . The h y p e rp o la r is in g  response, w hich re ve rse d  a t  about 
- 3 OmV, was th o u g h t to  be due to  a decrease in  both  gNa and gK. The 
oc response was a d e p o la r is in g  response w hich re ve rse d  a t  about 
-75mV and re s u lte d  from  a decrease i n  gK a lo n e . No a n ta g o n is ts  
were found  f o r  th e  o( o r yg responses. However, these  decreased 
conductance responses may a ls o  be s p e c i f i c a l l y  re c e p to r  m ed ia ted . 
In  fa v o u r o f t h i s  v iew  i s  th e  fa c t  t h a t  o n ly  c e r ta in  id e n t i f ie d  
neurones show these responses, and o n ly  when 5-HT i s  a p p lie d  to  
r e s t r ic t e d  a re a s  o f these neurones. I t  i s  th e re fo re  u n l ik e ly  th a t  
these  responses re p re s e n t an u n s p e c if ic  e f f e c t  o f 5-HT. The 
d i f f e r e n t  p ha rm aco lo g ica l p r o f i le s  o f  th e  fo u r  in c re a s e d  
conductance responses (as summarised in  ta b le  1 .2 ) in d ic a te  th a t  
these  a re  m ed ia ted  by fo u r  d is t in c t  re c e p to r  typ e s .
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1.4 VOLTAGE DEPENDENT RESPONSES TO 5-HT
In  m o llu sca n  neurones some responses to  5-HT show marked 
n o n - l in e a r i t y  in  t h e i r  c u r re n t- v o lta g e  ( I - V )  r e la t io n s h ip  and a re  
re fe r re d  to  as vo lta g e -d e p e n d e n t responses. In  LB and LG neurones 
o f A p lv s ia . P e llm a r and co -w o rke rs  observed an unusual inw ard  
c u r re n t response to  5-HT, which c o n s is te d  o f  two components 
(P e llm a r and W ilso n , 1977; P e llm a r and C a rp en te r, 1979). One 
component was a c o n v e n tio n a l Na-dependent in w a rd  c u r re n t  w hich 
decreased as th e  c e l l  was h e ld  a t  more d e p o la r is e d  p o te n t ia ls ,  
w h i ls t  th e  o th e r component was a v o lta g e -de pendent in w a rd  c u r re n t  
which o n ly  became a pp a re n t as th e  c e l l  was h e ld  a t  d e p o la r is e d  
p o te n t ia ls .  An unusual response to  s y n a p t ic a l ly  re le a s e d  5-HT has 
been observed i n  th e  A neurone o f H e lix  on s t im u la t io n  o f  th e  01 
neurone ( C o t t r e l l ,  1971 ). T h is  response has s in ce  been shown to  
have s im i la r  v o lta g e -d e p e n d e n t p ro p e r t ie s  t o  th e  response s tu d ie d  
by P e llm ar and co -w o rke rs  ( C o t t r e l l ,  1 9 8 1 ;1982b). O ther 
v o lta g e -dependent 5-HT responses have been d e sc rib e d  i n  m o llu sca n  
neurones (K le in  and Kandel, 1978; 1980; P a u p a rd in -T r its c h , D e te rre  
and G erschenf e ld  1981 ; D e te rre , P a u p a rd in -T r its c h , B ockae rt and 
G erschenf e ld , 1981; 1982.) The 5-HT response i n  th e  Cl neurone o f 
H e l ix , s tu d ie d  i n  t h i s  th e s is ,  i s  an example o f a v o lta g e -de pendent 
response ( C o t t r e l l ,  1982b). In  th e  fo l lo w in g  s e c t io n  these  
v o lta g e -dependent 5-HT responses s h a l l  be d iscussed  i n  more depth 
w ith  p a r t ic u la r  re g a rd  to  t h e i r  io n ic  mechanisms.
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1 .4 .1  THE 5-HT RESPONSE IN APLYSIA LB AND RB NEURONES
Some c e l ls  o f  th e  LB and RB group o f A p lv s ia  neurones were 
found  to  e l i c i t  o n ly  the  vo ltag e -d ep e nd e n t component o f the  two 
component inw a rd  c u r re n t  response desc ribe d  by P e llm a r and W ilson
(1977) and P e llm a r and C arpente r (1 9 7 9 ). In  these  c e l ls  th e  io n ic  
mechanism o f t h is  v o lta g e - dependent response has been s tu d ie d  in  
more dep th . The response to  5-HT was no t s ig n i f ic a n t ly  a ffe c te d  by 
changes in  Na and Cl c o n c e n tra t io n  and i t  has been concluded th a t  
i t  i s  most l i k e l y  to  be due to  an in c re a se  in  a v o lta g e -s e n s it iv e  
ca lc ium  conductance (gCa) (P e llm a r and C a rpen te r, 1980; P e llm a r,
1984). A lthough s im i la r  v o lta g e -dependent 5-HT responses in  H e lix  
neurones have been shown to  be the  r e s u l t  o f a decrease in  gK, 
(P a u p a rd in -T r its c h  ^  âJLj 1981; D e te rre  ^  â L , 1981; 1982; Barnes, 
C o t t r e l l  and Dunbar, in  p re p a ra tio n )  t h i s  was th o u g h t u n l ik e ly  to  
be th e  mechanism re s p o n s ib le  f o r  t h i s  response, as no re v e rs a l o f  
th e  response a t  h y p e rp o la r is e d  p o te n t ia ls  was observed, and i t  was 
n o t s e n s it iv e  to  changes in  e x t r a c e l lu la r  K c o n c e n tra t io n  (P e llm a r 
and C a rp en te r, , 1980). However, th e  io n o p h o re t ic  response observed 
a t  d e p o la r is e d  p o te n t ia ls  was b locked  in  th e  presence o f sea w a te r 
c o n ta in in g  Ba, te trae thylam m onium  (TEA) and 4 -a m in o p y rid in e  (4-AP) 
to  b lo c k  K c u r re n ts .  In  c o n tra s t ,  no b lo c k in g  e f fe c t  o f these 
a ge n ts  was observed on th e  e f fe c t  o f pe rfused  5-HT on th e  I -V  
r e la t io n s h ip  o b ta in e d  by s te p p in g  Vm from  - 6 OmV to  d e p o la ris e d  
p o te n t ia ls  f o r  a d u ra t io n  o f  2s. I t  was suggested by P e llm ar
(1984) th a t  the  b lo c k  o f  th e  io n o p h o re t ic  response by Ba, TEA and
4-AP was due to  a vo ltag e -d ep e nd e n t b lo c k  o f  the  inw ard  c u rre n t
—  1 9 “
when th e  c e l l  was h e ld  a t  a s teady s ta te  d e p o la r is e d  le v e l .  Both 
th e  n e g a tive  s lope  re g io n  o f  the  c u r re n t- v o lta g e  r e la t io n s h ip ,  
(p re se n t in  Ba, TEA, 4-AP sea w a te r , due to  a pronounced in w a rd  
c u r re n t)  and i t s  enhancement by p e rfu se d  5-HT, were d im in ish e d  a t  
h o ld in g  p o te n t ia ls  more p o s i t iv e  than  - 6 OmV. ïh e  response to  5-HT 
and th e  n e g a tive  s lope re g io n  were both a b o lis h e d  by Co, su g g e s tin g  
th a t  they were due to  a Ca c u r re n t .  However, a lth o u g h  th e  most 
l i k e l y  e x p la n a tio n  was th a t  5-HT caused an in c re a s e  in  a Ca 
c u r re n t , the  invo lvem en t o f  io n s  was no t e n t i r e ly  ru le d  ou t by 
P e llm ar (1 9 84 ). The p o s s ib le  in vo lvem en t o f a second messenger in  
t h i s  response has been examined and w i l l  be d iscu ssed  in  a la t e r  
s e c tio n .
1 .4 .2  5-HT RESPONSE IN APLYSIA SENSORY NEURONES
In  A p lv s ia  sensory neurones a v o lta g e -dependent response to  
5-HT has been s tu d ie d , w ith  re g a rd  to  a p o s s ib le  r o le  f o r  5-HT in  
m e d ia tin g  f a c i l i t a t i o n  a t  t h i s  s i t e  ( B r u n e l l i ,  C a s te l lu c c i and 
Kandel, 1976; K le in  and K andel, 1978; 1980; K le in ,  Camardo and
Kandel, 1982). A lthough  re c e n t r e s u l t s  ca s t doubt on th e  
t r a n s m it te r  r o le  o f 5-HT in  m e d ia tin g  th e  f a c i l i t a t i o n  ( K is t le r ,  
Hawkins, K oe s te r, S te in b usch , Kandel and S chw artz , 1985), th e  
response to  5-HT i s  s t i l l  o f  re levance  to  t h i s  th e s is .  Here 
emphasis s h a l l  be p laced  on th e  io n ic  mechanism o f  the  response, 
which appears to  d i f f e r  frcxn th e  response s tu d ie d  in  Ap lv s ia  RB and 
LB neurones by P e llm ar and co -w o rke rs .
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K le in  and Kandel (1978) s tu d ie d  th e  e f f e c t  o f 5-HT a p p lic a t io n  
and s y n a p tic  s t im u la t io n  (by a c t iv a t io n  o f  co n n e c tive s  from  the  
head) on th e  a c t io n  p o te n t ia l  d u ra t io n s  o f  sensory neurone 
p e r ik a ry a .  In  th e  presence o f TEA, to  b lo c k  some K c u rre n ts , th e  
a c t io n  p o te n t ia l  d u ra t io n  was p ro longed  and th e  p la te a u  phase 
a cce n tu a te d . Under these  c o n d it io n s ,  5-HT f u r t h e r  accen tua ted  th e  
p la te a u  phase o f th e  a c t io n  p o te n t ia l .  T h is  e f f e c t  was tho u gh t to  
be th e  r e s u l t  o f an in c re a s e  in  gCa, s ince  th e  p la te a u  phase o f th e  
a c t io n  p o te n t ia l can be b lo cked  by Ca channel b lo c k in g  agen ts  
(K le in  and Kandel, 1978). However, la t e r  ev idence  suggested th a t  
th e  in c re a se  in  gCa was secondary to  a decrease in  gK (K le in  and 
K ande l, 1980; K le in ,  Camardo and Kandel, 1982 ). V o ltage  clamp 
e xpe rim en ts  were perfo rm ed on sensory neurone scxnata, whose axons 
were l ig a te d  to  im prove  th e  space dam p. A p p lic a t io n  o f 5-HT 
produced no change in  in w a rd  c u r re n ts  e l i c i t e d  by s te p p in g  Vm from  
-45mV to  +1OmV in  th e  presence o f TEA, 4-AP and Ba. However, w ith  
s im i la r  s teps  in  Vm, in  th e  absence o f K channel b lo c k in g  agen ts , 
5-HT caused a decrease in  th e  outw ard c u r re n t  and an apparent 
enhancement o f th e  in w a rd  c u r re n t.  Ca c u r re n ts ,  reco rded  a f t e r
b lo c k in g  K c u r re n ts  w ith  in t r a c e l l u l a r  Cs,"*” were a ls o  u n a ffe c te d  by 
5-HT and i t  was th e re fo re  concluded th a t  5-HT d id  n o t d i r e c t ly  
enhance th e  Ch c u r re n t,  bu t produced i t s  e f f e c t  by re d u c in g  a K 
c u r re n t .  L ik e w is e , th e  s y n a p t ic a l ly  evoked response was a ls o  found 
to  be due to  a decrease in  gK (K le in  and K ande l, 1980). However, 
th e  s y n a p t ic a l ly  evoked decrease in  gK may n o t be m ediated by 5-HT 
( K is t le r ,  e t  a l , 1985). Recent e xpe rim en ts  u s in g  th e  Ca s e n s it iv e  
dye (arsenazo I I I )  have shown th a t ,  5-HT in c re a s e s  th e
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in t r a c e l l u la r  Ca t r a n s ie n ts  e l i c i t e d  by d e p o la r is in g  s tep s  under 
v o lta g e  dam p c o n d it io n s .  S ince th e  sensory neurone soma were 
v o lta g e -c la m p e d , t h i s  in c re a s e  i n  i n t r a c e l l u l a r  Ca co u ld  n o t have 
been secondary to  a decrease in  gK. The mechanism by which 
in t r a c e l l u la r  Ca was in c re a s e d  was n o t e s ta b lis h e d  (B o y le , K le in ,  
Sm ith and K andel, 1984).
1 .4 .2 .1  A NOVEL K CURRENT REDUCED BY 5-HT
The K c u r re n t  suppressed by 5-HT i n  A n lv s ia  sensory neurones
was re p o r te d  to  be a nove l K c u r re n t  whose p ro p e r t ie s  d i f fe r e d  from
th e  p re v io u s ly  d e sc rib e d  K c u r re n ts  o f m o llu sca n  neurones (K le in ,
Camardo and F ^nde l, 1982 ). The p re v io u s ly  d e s c r ib e d  K c u r re n ts
in c lu d e ,  the  fa s t  t r a n s ie n t  K c u r re n t  ( I ^ ^ ,  th e  de layed  r e c t i f i e r  K
c u rre n t (1 ^^ ) and the  Ch-dependent K c u r re n t  ( I ^ )  ( f o r  a re v ie w  see
Adams, Smith and Thompson, 1980). T h is  nove l * s e ro to n in  s e n s it iv e *
c u r re n t was termed th e  S c u r re n t  ( K le in ,  Camardo and Kandel,
1982). The S c u r re n t co u ld  be d is t in g u is h e d  frcm  on th e  b a s is
o f  a c t iv a t io n  and in a c t iv a t io n  k in e t ic s .  I t  was s lo w e r to  a c t iv a te
tha n  I ^  and u n l ik e  I ^  d id  n o t in a c t iv a te  th ro u g h o u t a 300ms p u lse .
S im i la r ly ,  th e  S c u rre n t was d is t in g u i i^ e d  f r a n  I  on th e  b a s is  o fK.D
k in e t ic s ,  s in ce  1^^  ^ decayed to  a steady s ta te  le v e l  d u r in g  an 800ms 
p u ls e , whereas the  S c u r re n t  d id  n o t decay th ro u g h o u t an 800 ms 
p u ls e . M oreover, th e  S c u r re n t  was u n a ffe c te d  by lOmM TEA, which 
i s  re p o r te d  to  b lo c k  1^^ (Thompson, 1977).
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The S c u r re n t,  a lth o u g h  d im in ish e d  by Ca channel b lo c k in g  
a ge n ts  such as Co, Cd o r  N i and by p e r fu s io n  w ith  a ze ro  Ca 
s o lu t io n ,  was shown to  d i f f e r  frcxn 1^. I t  was in s e n s i t iv e  to  Ba, 
w h ich  i s  known to  b lo c k  I ^  (Hermann and Gorman, 1979; Adams and 
Gage, 1980). In  a d d it io n ,  I ^  produced by in t r a c e l l u la r  Ca 
in je c t io n  was in s e n s i t iv e  to  5-HT, in d ic a t in g  th a t  the  5-HT 
s e n s i t iv e  c u rre n t and I ^  were d i f f e r e n t .  The la c k  o f e f fe c t  o f Ba 
on th e  S c u rre n t a ls o  suggested th a t  i t  i s  d i f f e r e n t  frcxn the  
m u s c a r in ic  s e n s it iv e  M c u r re n t,  described  by Brown and Adams 
( 1980) ,  and shown to  be b lo cked  by Ba (Adams, Brown and C o n s ta n ti 
(1 9 8 2 b ). These f in d in g s  le a d  K le in ,  Camardo and Kandel (1982) to  
propose th a t  the  5-HT s e n s i t iv e  c u rre n t was a nove l K c u r re n t.
1 .4 .2 .2  SINGLE K CHANNELS MDDÜLATED BY 5-HT
S in g le  channel K c u r re n ts ,  tho u gh t to  correspond to  th e  S 
c u r re n t  have been re co rd ed  frcxn membrane patches o f  A p lv s ia  sensory 
neurones u s in g  th e  patch  clamp tech n iq ue  o f H a m ill,  M a rty , Neher, 
Sackmann, and S ig w orth  (1 9 8 1 ). These channels were c lo se d  in  an 
a l l - o r - n o t h in g  fa s h io n  by a p p l ic a t io n  o f 5-HT to  th e  c e l l  
(S iege lbaum , Camardo and Kandel, 1982). Channels w hich rem ained 
open in  th e  presence o f  5-HT m a in ta in e d  th e  same k in e t ic  
p ro p e r t ie s .  The p ro p e r t ie s  o f  s in g le  K channel c u r re n ts  re co rd ed  
were c o n s is te n t w ith  th e  p ro p e r t ie s  o f  the  S c u r re n t .  The I-V  
r e la t io n s h ip  o f th e  channe ls  showed r e c t i f i c a t i o n ,  in  agreement 
w ith  th e  Go ldm an-H odgkin-K atz co n s ta n t f i e l d  c u r re n t  e q u a tio n  (GHK 
e q u a tio n ) f o r  a K c u r re n t  (Goldman, 1943; Hodgkin and K a tz , 1949).
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However, th e  p r o b a b i l i t y  o f channel opening was o n ly  s l i g h t l y  
dependent on membrane p o te n t ia l .  The channe ls  d id  n o t in a c t iv a te  
w ith  p ro longed  d e p o la r is a t io n  and were in s e n s i t iv e  to  in t r a c e l l u la r  
Ca c o n c e n tra t io n . I t  was proposed th a t  these  channels may 
c o n tr ib u te  to  a background K c u r re n t  (S iegelbaum  ^  âL» 1982). 
S ince 5-HT c lo se d  these  channels frcxn o u tw ith  th e  patch p ip e t te ,  
th e  in vo lvem en t o f a second messenger was suggested, as s h a l l  be 
d iscussed  l a t e r .
1 .4 .3  VOLTAGE-DEPENDENT 5-HT RESPONSES IN HELIX NEURONES
V o lta g e -dependent responses to  5-HT in  neurones o f  the  
gas tropod  m o llu s c  H e l ix  have a ls o  been re p o r te d  ( C o t t r e l l ,  1971; 
1981; 1982a,b; P au p a rd in - T r i ts c h  ^  aL, 1981; D e te rre  e t a l ,  1981;
1982). The response s tu d ie d  by C o t t r e l l  (1971; 1981; 1982a,b) i s
p h y s io lo g ic a l ly  im p o rta n t s ince  i t  occurs  a t  an id e n t i f ie d  synapse, 
where the  p re s y n a p tic  neurone ( th e  Cl neurone) i s  known to  be 
s e ro to n e rg ic  ( C o t t r e l l ,  1977). As d iscussed  p re v io u s ly ,  the  
s e ro to n e rg ic  Cl neurone in  th e  c e re b ra l g a n g lio n  o f  H e lix  makes 
s y n a p tic  co n n e c tio n s  w ith  th re e  id e n t i f ie d  neurones o f  th e  bucca l 
g a n g lio n , th e  A, M and P neurones. The s y n a p tic  response  observed 
i n  th e  A neurone was f i r s t  d e sc r ib e d  by C o t t r e l l  (1971) to  be 
e i th e r  an unusual s e r ie s  o f  membrane o s c i l la t io n s ,  o r a 
d e p o la r is a t io n  accompanied by a c t io n  p o te n t ia l  f i r i n g .  T h is  
response was de layed  in  onse t and p e rs is te d  f o r  some tim e  a f t e r  
c e s s a tio n  o f Cl neurone a c t i v i t y .  S ubsequen tly , i t  was e s ta b lis h e d  
th a t  t h i s  was a s low , v o lta g e -dependent d e p o la r is in g  response, 
w hich in c re a se d  i n  a m p litu d e  as th e  c e l l  was d e p o la r is e d  ( C o t t r e l l ,
—  24 —
1 9 8 1 ) .
In  a v o lta g e  clamped A neurone, Cl neurone s t im u la t io n ,  o r 
io n o p h o re t ic  a p p l ic a t io n  o f  5-HT evoked an in w a rd  c u rre n t w ith  a 
v o lta g e -dependency s im i la r  to  th e  response s tu d ie d  by P e llm a r and 
co -w o rke rs  in  A o lv s ia  neurones (P e llm a r and W ils o n , 1977; P e llm ar 
and C a rp en te r, 1979; 1980; P e llm a r, 1984). The response was ve ry
sm a ll o r absen t a t  p o te n t ia ls  more n e g a tive  than  -50mV, was never 
observed to  re v e rs e  w ith  h y p e rp o la r is a t io n  and in c re a s e d  m arkedly 
w ith  d e p o la r is a t io n .  Na^ and Cl io n s  were no t in v o lv e d  in  t h is  
response s in ce  re p la c in g  th e  N a d  co n te n t o f th e  s a lin e  w ith  
sucrose had no e f fe c t  on the  response ( C o t t r e l l ,  1981; 1982b). The 
Ca channel b lo c k in g  a gen ts  Co and Cd (1-IOmM) b lo cke d  th e  response 
to  a p p lie d  5-HT, su g g e s tin g  an in vo lvem en t o f  Ca^^ io n s  ( C o t t r e l l ,  
1981). Such a response co u ld  th e re fo re  be th e  r e s u l t  o f a decrease 
in  a C a -s e n s it iv e  gK o r  an in c re a s e  in  a v o lta g e -s e n s it iv e  gCa.
I t  was fou n d  th a t  a p p l ic a t io n  o f 5-HT o n to  th e  Cl neurone 
i t s e l f  produced a vo lta g e -d e p e n d e n t inw a rd  c u r re n t  response w ith  
s im i la r  p ro p e r t ie s  to  th e  A neurone response ( C o t t r e l l ,  1982b). 
S ince th e  Cl neurone co u ld  be e a s i ly  exposed and id e n t i f ie d ,  i t  was 
a s u ita b le  c e l l  in  w hich to  s tudy fu r th e r  t h i s  response. In  
a d d it io n ,  th e  response o f th e  Cl neurone may be p h y s io lo g ic a l ly  
im p o r ta n t,  as i t  has re c e n t ly  been found th a t  th e  s y m m e tr ic a lly  
lo c a te d  Cl neurones make s y n a p t ic  co nn e c tion s  w ith  each o th e r to  
produce a s im i la r  v o lta g e -dependent response ( C o t t r e l l ,  unpub lished  
o b s e rv a t io n s ) .
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S tu d ie s  on the  io n ic  mechanism o f the  5-HT response in  the  Cl 
neurone have e s ta b lis h e d  th a t  i t  i s  due to  a decrease in  a gK and 
p ro b a b ly  no t th e  r e s u l t  o f  an in c re ase  in  gCa. P h a rm a co lo g ica lly  
is o la te d  Ca and Ba c u r re n ts ,  e l i c i t e d  by s te p p in g  th e  membrane frcxn 
a h o ld in g  p o te n t ia l o f  -60raV were u n a ffe c te d  by 5-HT (Barnes, 
C o t t r e l l  and Dunbar, 1985; C o t t r e l l ,  u np u b lishe d  o b s e rv a t io n ) .  
S in g le  channel Ca c u r re n ts , in  c e ll-a t ta c h e d  membrane patches were 
a ls o  u n a ffe c te d  by a p p lic a t io n  o f 5-HT to  th e  c e l l  ( C o t t r e l l  and 
Dunbar, 1985). Evidence f o r  the  invo lvem ent o f io n s  has been 
e s ta b lis h e d  from  io n  s u b s t i tu t io n  and channel b lo c k in g  
e xpe rim en ts . In c re a s in g  th e  e x t r a c e l lu la r  K c o n c e n tra t io n  caused a 
decrease in  th e  s iz e  o f th e  response, which was a ls o  found  to  be 
p a r t i a l l y  b locked  50mM TEA and co m p le te ly  a b o lis h e d  by 7mM Ba 
(B arnes, C o t t r e l l  and Dunbar, in  p re p a ra t io n ) .  However, the  
Ca-dependency o f t h is  response has no t been e s ta b lis h e d  and i s  one 
o f th e  to p ic s  o f concern in  t h is  s tud y .
The 5-HT response s tu d ie d  by G erschen fe ld  and co -w orke rs in  
id e n t i f ie d  neurones o f th e  v isce ro -a bd o m in a l g a n g lio n ic  mass o f 
H e lix  aspersa a ls o  appears to  r e s u l t  from  a decrease in  gK and has 
many p ro p e r t ie s  s im i la r  to  th e  responses o f th e  Cl and A neurones. 
However, u n l ik e  the  responses o f the  Cl and A neurones, th e  5-HT 
response o f these neurones was observed to  re v e rs e  a t  about -50mV 
(P a u p a rd in -T r its c h  ^  a l , 1981; D e te rre  e t  a l ,  1981; 1982).
A lthough  t h is  re v e rs a l p o te n t ia l  d i f fe r e d  frcxn th e  K e q u il ib r iu m  
p o te n t ia l  E (shown to  be -75mV in  these neurones; G erschen fe ld  and 
P a u p a rd in -T r its c h , 1974a), th e  response was b e lie v e d  to  be due to  a
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decrease in  gK s in ce  i t  was in s e n s i t iv e  to  changes in  Na o r Cl 
c o n c e n tra t io n s , bu t was s e n s it iv e  to  changes in  K c o n c e n tra t io n . 
However, the  s h i f t  in  th e  re v e rs a l p o te n t ia l  f o r  h ig h e r  K 
c o n c e n tra t io n s  was somewhat s m a lle r than  th a t  p re d ic te d  by th e  
N ernst e q u a tio n . P a u p a rd in -T r its c h  ^  â L  (1981) re p o r te d  th a t  th e  
5-HT response was ra th e r  in s e n s i t iv e  to  th e  e x t r a c e l lu la r  
a p p l ic a t io n  o f K channel b lo c k in g  agen ts  such as Cs and TEA. 
However, th e  response was b locked  by Ba (P a u p a rd in -T r its c h ,  ^  a l , 
1981; P a u p a rd in -T r its c h , C o lcm b iaon i, D e te rre  and G e rsch e n fe ld , 
1985) .  F u rthe rm ore , i n t r a c e l l u l a r  TEA, Cs and Ba b locked  th e  
response to  5-HT (P a u p a rd in -T r its c h  _et. âJL» 1981). The 
vo lta g e -d e p e n d e n t, 5 -H T -induced , in w a rd  c u r re n t  was s e n s i t iv e  to  Cfei 
channel b lo c k in g  agen ts  and changes in  e x t r a c e l lu la r  Ca 
c o n c e n tra t io n . However, p ro longed  in t r a c e l l u l a r  in je c t io n  o f th e  
Ca c h e la t in g  a ge n t, EGTA (e th y le n e  g ly c o l b is - ( ,^  a m in o e th y l 
e th e r )N ,N ,N * ,N * -T e tra a c e t ic  a c id )  was w ith o u t e f f e c t .  The a u th o rs  
th e re fo re  concluded th a t  th e  5-HT response was m ediated by a 
decrease in  a K c u r re n t ,  w h ich  was s e n s it iv e  to  e x t r a c e l lu la r  Ca^* 
io n s , bu t was perhaps n o t th e  Ca-dependent K c u r re n t ,  w hich i s  
s e n s it iv e  to  in t r a c e l l u l a r  Ca le v e ls  (P a u p a rd in -T r its c h  ^  a l , 
1981) .  D e te rre  ^  a i. (1982) proposed th a t  t h i s  response was 
s im i la r  to ,  o r ana logous to  the  5 -H T -induced  re d u c t io n  o f the  
s p e c i f ic  K c u r re n t  (S c u r re n t)  d e sc r ib e d  by K le in ,  Camardo and 
Kandel (1982) in  sensory neurones o f  A n lv s ia . bu t d i f f e r e n t  from  
the  response s tu d ie d  by P e llm a r and h e r co -w o rke rs  in  A n lv s ia  RB 
and LB neurones (P e llm a r and W ilso n , 1977; P e llm a r and C a rp en te r, 
1979; 1980).
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1.5 MODULATORY ACTIONS OF 5-HT
A m o d u la to ry  t r a n s m it te r  response may be d e fin e d  as one w h ich  
has l i t t l e  e f f e c t  by i t s e l f ,  bu t w h ich  de te rm ines th e  e ffe c t iv e n e s s  
o f  o th e r s y n a p tic  responses. M odu la tion  can occur a t  th e  
p re s y n a p tic  te rm in a ls  o f  a neurone, to  a l t e r  t r a n s m it te r  re le a s e  
and th e re b y  a l t e r  s y n a p tic  e ffe c t iv e n e s s .  M o d u la tio n  may a ls o  
o ccu r a t  a post s y n a p tic  s i t e  by a l t e r in g  th e  membrane 
c h a r a c te r is t ic s  o f  the  p o s ts y n a p tic  c e l l  and th u s  m o d ify in g  th e  
e f fe c t iv e n e s s  o f  o th e r s y n a p tic  in p u ts .  A lthough  th e  term  
m o d u la to ry  imposes some a r t i f i c i a l  c o n s tra in ts  on th e  a c t io n  o f  a 
t r a n s m it te r ,  in  some o f th e  responses m entioned p re v io u s ly  th e  
a c t io n s  o f  5-HT may b es t be d esc rib e d  as m o d u la to ry . For example, 
5-HT has been found to  g re a t ly  enhance the  e f fe c t  o f  g lu tam a te  on 
r a t  f a c ia l  m otor neurones. However, 5-HT a lo n e  d id  n o t e x c ite  
these  neurones (M cC all and A gjtia jan ian, 1979). In  many in s ta n c e s  
m o d u la to ry  t r a n s m it te r  e f f e c t s  appear t o  ope ra te  on 
v o lta g e - s e n s it iv e  conductances and in v o lv e  i n t r a c e l l u l a r  messengers 
(Kupferm ann, 1979), as s h a l l  be d iscussed .
1 .5 .1  PRESYNAPTIC FACILITATION BY 5-HT
Shimahara and Tauc (1975; 1976) d e sc r ib e d  a s p e c i f ic  synapse 
in  A n lv s ia f a t  w h ich  p re s y n a p tic  f a c i l i t a t i o n  o cc u rre d . 
S t im u la t io n  o f  the  te n ta c u la r  nerves caused a f a c i l i t a t i o n  o f  th e  
s y n a p t ic  c o n n e c tio n  between a t e s t  in te rn e u ro n e  (T -neu rone ) and a 
g ia n t  neurone in  th e  p le u ra l g a n g lio n . O ther s y n a p tic  in p u ts  were
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u n a ffe c te d , su g g e s tin g  th a t  th e  f a c i l i t a t i o n  o ccu rre d  a t  a
p re s y n a p tic  s i t e  by a l t e r in g  t r a n s m it te r  re le a s e  from  the
T -neurone . Io n o p h o re t ic  a p p l ic a t io n  o f  5-HT m im icked th e
f a c i l i t a t i o n  and p e r fu s io n  w ith  th e  5-HT a n ta g o n is t ,  LSD25, o r  5-HT 
i t s e l f ,  b locked  both  th e  h e te ro s y n a p tic  f a c i l i t a t i o n  and th e  
f a c i l i t a t o r y  e f f e c t  o f ionophoresed  5-HT. Thereby su g g e s tin g  th a t  
5-HT may be th e  t r a n s m it te r  m e d ia tin g  th e  p re s y n a p tic  
f a c i l i t a t i o n .
The p a r t ic u la r  neurone m e d ia tin g  f a c i l i t a t i o n  has been 
id e n t i f ie d  (Shim ahara and Tauc, 1976) and, a lth o u g h  i t s
s e ro to n e rg ic  n a tu re  has n o t been co n firm e d , i t s  a c t io n  was a ls o  
b locked  by LSD25. The f a c i l i t a t o r y  e f f e c t  o f  5-HT co u ld  be
m im icked by a p p l ic a t io n  o f  cAMP o r d ib u ty r y l  cAMP, and i t  was 
suggested th a t  5-HT a c te d  v ia  cAMP to  in c re a s e  gCa in  the
p re s y n a p tic  te rm in a ls ,  thu s  enhancing t r a n s m it te r  re le a s e  
(Shimahara and Tauc, 1977 ).
1 .5 .1 .1  PRESYNAPTIC FACILITATION OF THE GILL-WITHDRAWAL REFLEX OF 
APLYSIA
5-HT, as w e l l  as b e in g  in v o lv e d  i n  th e  m o d u la tio n  o f  s y n a p tic
in p u ts  a t  a c e l lu la r  le v e l ,  has a ls o  been im p lic a te d  in  th e
m o d u la tio n  o f some b e h a v io u ra l responses. The m o d u la to ry  r o le  o f 
5-HT i n  th e  d e fe n s iv e  r e f le x  o f  g i l l - w i t h d r a w a l in  A p ly a la  has been 
s tu d ie d  by Kandel and co -w o rke rs  (C a s te l lu c c i and K andel, 1976;
B r u n e l l i ,  C a s te l lu c c i and K andel, 1976). A lthough  re c e n t ev idence 
has in d ic a te d  th a t  5-HT may n o t be th e  t r a n s m it te r  in v o lv e d  in
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m e d ia tin g  th e  f a c i l i t a t i o n ,  ( K is t le r ,  Hawkins, K o e s te r, S te inbusch , 
Kandel and S chw artz , 1985) 5-HT i s  capable o f  m im ick in g  th e  
f a c i l i t a t i o n .
S t im u la t io n  o f  the  s iphon  o f A p lv s ia  causes w ith d ra w a l o f the  
g i l l  by d ir e c t  m onosynaptic connec tions  between the  m echanoreceptor 
sensory neurones o f  the  s iphon and th e  g i l l  m otor neurones 
(C a s te l lu c c i and Kandel, 1976). Th is  r e f le x  h a b itu a te s  w ith  
repea ted  s t im u la t io n  due to  an a t te n u a t io n  o f  the  epsps reco rded  in  
th e  m otor neurone. The decreased s iz e  o f th e  epsps r e f le c t s  a 
re d u c t io n  in  th e  amount o f t ra n s m it te r  re le a s e d  frcxa the  
p re s y n a p tic  te rm in a ls .  H a b itu a t io n  can be overcome and th e  
response s e n s it iz e d  i f  th e  head o f  the  anim al i s  s t im u la te d  o r  i f  
th e  c o n n e c tive  from  th e  head i s  s t im u la te d  e le c t r i c a l l y .  Q uantal 
a n a ly s is  showed th e  f a c i l i t a t i o n  to  be due to  an in c re ase d  
t r a n s m it te r  re le a s e  from  the  p re s y n a p tic  te rm in a ls  ra th e r  than  a 
p o s ts y n a p tic  e f f e c t  (C a s te l lu c c i and Kandel, 1976). I t  was 
concluded th a t  neurones from  the  head end made s y n a p tic  co n ta c t 
w ith  th e  p re s y n a p tic  te rm in a ls  o f the  sensory neurones to  
f a c i l i t a t e  t r a n s m it te r  re le a s e . 5-HT, bu t n o t octopam ine or 
dopamine m im icked th e  f a c i l i t a t o r y  e f fe c t  and th e  5-HT a n ta g o n is t 
c in a n se rn  b lo cked  f a c i l i t a t i o n  ( B r u n e l l i ,  C a s te l lu c c i and Kandel, 
1976).
Some in te rn e u ro n e s  capable o f m e d ia tin g  f a c i l i t a t i o n  have been 
id e n t i f ie d  and these  in c lu d e  the  L29 c lu s te r  (Hawkins, C a s te l lu c c i 
and K ande l, 1981a,b ; Hawkins, 1981). These neurones were t h o u ^ t  
to  be s e ro to n e rg ic  on th e  b a s is  o f t h e i r  m o rp h o lo g ica l s im i la r i t y
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to  th e  known s e ro to n e rg ic  m e ta ce re b ra l g ia n t  c e l l  (B a ile y ,  Hawkins, 
Qien and K ande l, 1981). However, re c e n t work has shown th a t  these 
neurones do n o t have 5-HT im m u n o re a c tiv ity  ( K is t le r  .e t 1985).
S e ro to n e rg ic  f ib r e s  were d e te c te d  in  c lo se  p ro x im ity  to  th e  
sensory neurones and in  th e  n e u ro p ile  below the  sensory neurones, 
and i t  rem a ins p o s s ib le  th a t  o th e r ,  as y e t  u n id e n t i f ie d ,  
s e ro to n e rg ic  in te rn e u ro n e s  a ls o  m ed ia te  f a c i l i t a t i o n .  The 
f a c i l i t a t o r y  a c t io n  o f  L29 neurones may be by a n o th e r t r a n s m it te r  
w ith  s im i la r  e f fe c ts  to  5-HT ( K is t le r  e t  a l ,  1985).
The a c t io n  o f s y n a p tic  f a c i l i t a t i o n  and 5-HT in  dec rea s in g  gK 
and in c re a s in g  a c t io n  p o te n t ia l  d u ra t io n  ( le a d in g  to  an in c re a s e d  
Ca in f l u x  and enhanced t r a n s m it te r  re le a s e ) has o n ly  been 
dem onstra ted i n  th e  c e l l  b od ies  o f  m echanoreceptor sensory 
neurones. In  o rd e r f o r  such a mechanism to  account f o r  p re s y n a p tic  
f a c i l i t a t i o n ,  i t  w ou ld  have to  occu r a t  th e  p re s y n a p tic  te rm in a ls .
1 .5 .1 .2  THE TAIL-WITHDRAWAL REFLEX OF APLYSIA
The ta i l - w i th d r a w a l r e f le x  o f  A p lv s ia  re p re s e n ts  a n o th e r 
b e h a v io u ra l response in  w h ich  5-HT may a c t in  a m o d u la to ry  fa s h io n  
by caus ing  p re s y n a p tic  f a c i l i t a t i o n  (W a lte rs , B yrne , Carew and 
K ande l, 1983b). W a lte rs  e l  m l (1983a) e s ta b lis h e d  th a t  e le c t r i c a l ,  
chem ica l o r m echan ica l s t im u la t io n  o f  th e  t a i l  produced w ith d ra w a l 
o f th e  t a i l  due to  m onosynaptic  c o n n e c tio n s  between t a i l  sensory 
neurones and m otor neurones. S t im u la t io n  o f a n o th e r s i t e  w i t h in  
th e  t a i l  caused a s e n s i t is a t io n  o f  th e  r e f le x  by what was th o u g h t 
to  be h e te ro s y n a p t ic  f a c i l i t a t i o n .  A l th o u ^  s e n s i t is a t io n  was
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accompanied by an in c re a s e  in  in p u t re s is ta n c e  o f th e  p o s ts y n a p tic  
c e l l ,  t h i s  a lo ne  was cons ide re d  in s u f f i c ie n t  to  account f o r  the  
s e n s i t is a t io n ,  which was concluded to  to  be a p re s y n a p tic  e f fe c t  
( W a lte rs  e t  a l ,  1983b).
A p p lic a t io n  o f 5-HT o n to  t a i l  sensory neurones m im icked many 
o f th e  e f fe c ts  o f  a s e n s i t is in g  t a i l  shock. 5-HT and s y n a p tic  
f a c i l i t a t i o n  both  caused an in c re a s e  in  a c t io n  p o te n t ia l  d u ra t io n  
i n  sensory neurones. A p p lic a t io n  o f 5-HT o n to  v i r t u a l l y  is o la te d  
sensory neurone somata  induced  a slow d e p o la r is a t io n ,  accompanied 
by an in c re a s e  in  in p u t  re s is ta n c e . T h is  d e p o la r is a t io n  was 
v o lta g e - dependent and was p ro b a b ly  due to  a decrease in  gK, s im i la r  
to  th a t  observed i n  sensory neurones o f  the  g i l l — w ith d ra w a l r e f le x  
(Walsh and B yrne , 1984b). In  an e le va te d  K s o lu t io n  (75mM), the  
response re ve rse d  a t  -37mV, w h ich  was cons ide red  to  be c lo se  to  th e  
p re d ic te d  E va lu e  o f -29mV. However, f u r th e r  expe rim en ts  were 
re q u ire d  to  e s ta b l is h  f u l l y  th e  io n ic  mechanism (W alsh and B yrne, 
1984b).
The a c t io n s  o f  5-HT on t a i l  sensory neurones were th o u g h t to  
be m ediated by cAMP (Walsh and B yrne, 1984a ,b ). O corr and Byrne
(1985) found th a t  both  5-HT and sm a ll c a rd io a c t iv e  p e p tid e  B (SCP^) 
were capab le  o f in c re a s in g  cAMP le v e ls  in  t a i l  sensory neurones and 
th a t  both these substances produced v o lta g e -dependent d e p o la r is in g  
responses. However, th e  5-HT analogue try p ta m in e  and a no the r 
m o llu sca n  p e p tid e  FMRFamide n e ith e r  caused an in c re a s e  in  cAMP 
le v e ls  nor a d e p o la r is in g  response . Both 5-HT and SCPg were 
capab le  o f e l i c i t i n g  these  e f fe c ts  and th e  n a tu re  o f the
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p h y s io lo g ic a l t r a n s m it te r  rem a ins u n c e r ta in  (O co rr and B yrne,
1985).
1 .5 .1 .3  PRESYNAPTIC FACILITATION AT THE CRAYFISH NEUROMUSCULAR 
JUNCTION
In  both  the  g i l l - w i t h d r a w a l  and ta i l - w i th d r a w a l re f le x e s  o f 
A p lv s ia  th e  proposed p re s y n a p tic  a c t io n s  o f  5-HT have been s tu d ie d  
by re c o rd in g  th e  e f fe c t  o f  5-HT in  th e  c e l l  bod ies  o f sensory 
neurones and assum ing t h a t  th e  same e f fe c t  occu rs  in  th e  te rm in a ls  
o f  these c e l ls .  A t th e  c ra y f is h  neurcm uscu la r ju n c t io n  i t  has been 
p o s s ib le  to  make i n t r a c e l l u l a r  re c o rd in g s  frcan m otor neurone axons 
c lo se  to  th e  s y n a p tic  te rm in a ls  (D ixon  and Atwood, 1985). 5-HT has 
been shown to  cause p re s y n a p tic  f a c i l i t a t i o n  a t  c rus tacean  
neurom uscu lar ju n c t io n s  (Glusman and K ra v itz ,  1982). By making
re c o rd in g s  c lose  to  th e  te rm in a ls  o f th e  m otor neurones in n e rv a t in g  
th e  c ra y f is h  opener m uscle , D ixon and Atwood (1985) have found  th a t  
th e  mechanism o f f a c i l i t a t i o n  by 5-HT i s  d i f f e r e n t  f ro n  th a t  
d e sc r ib e d  in  sensory neurone somata  o f A p ly s ia . A 5 m inu te  
a p p l ic a t io n  o f 10"^M 5-HT produced an enhancement o f e x c ita to r y  
ju n c t io n  p o te n t ia ls  i n  th e  opener m uscle , w h ich  la s te d  f o r  about 
one hour a f t e r  the  a p p l ic a t io n  o f  5-HT. C oncom itant measurements 
from  m otor neurone te rm in a l re g io n s  re v e a le d  a Na-dependent 
d e p o la r is a t io n  o f 5-6mV in  a m p litu d e  and w h ich  decayed o ve r one 
h a l f  h o u r. No in c re a s e  i n  th e  s iz e  and d u ra t io n  o f the  a c t io n
p o te n t ia ls  (as found  i n  A p lv s ia  sensory neurones) was d e te c te d  and
in  most c e l ls  a decrease i n  th e  mmtbrane re s is ta n c e  was observed 
(D ixon  and Atwood, 1985 ). P re s y n a p tic  f a c i l i t a t i o n  by 5-HT
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occu rred  even in  th e  absence o f Ca and i t  was th o u g h t th a t  the
5-H T-induced  Na in f lu x  c o u ld  a l t e r  in t r a te r m in a l Ca le v e ls ,  
p o s s ib ly  by a l t e r in g  Ca s e q u e s te r in g  mechanisms.
1 .5 .2  MDDÜLATORY ACTIONS OF 5-HT AT POSTSYNAPTIC SITES
In  th e  examples o f m o d u la tio n  d iscussed  p re v io u s ly  an a c t io n  
o f  5-HT a t  a p re s y n a p tic  s i t e  has been suggested . M odula to ry 
a c t io n s  o f 5-HT a t  p o s ts y n a p tic  s i t e s  a re  a ls o  proposed and some o f 
these  : ^ a l l  be d iscussed  in  th e  fo l lo w in g  s e c t io n .
1 .5 .2 .1  MODULATION OF INKING BEHAVIOUR IN APLYSIA
In  th e  in k in g  behav iou r o f A p lv s ia , 5-HT i s  th o u g h t to  p la y  a 
m odu la to ry  r o le  by a c t in g  p o s ts y n a p t ic a l ly  to  enhance the  a c t i v i t y  
o f th e  in k  m otor neurones (Walsh and B yrne , 1985 ). Byrne (1981) 
e s ta b lis h e d  th a t  both the  d e fe n s iv e  beh a v io u rs  o f g i l l - w i th d r a w a l 
and in k in g  shared a t  le a s t  some common sensory neurones and 
in te rn e u ro n e s . S t im u la t io n  o f th e  m an tle  re g io n  can e l i c i t  both  
responses. However, some in te rn e u ro n e s  (such as L31) a re  s p e c i f ic  
f o r  o n ly  one c i r c u i t .
S t im u la t io n  o f in te rn e u ro n e  L 3 1 o r s t im u la t io n  o f th e  s k in  o r 
p ieuroabdom inal co nn e c tives  produces a slow epsp in  th e  in k in g  
m otor neurones w hich i s  accompanied by an in c re a s e d  e x c i t a b i l i t y ,  
thus  enhancing o th e r  s y n a p tic  in p u ts .  A p p lic a t io n  o f  5-HT on to  th e  
n e u ro p ile  re g io n  below in k  m o to r neurone L I 4 , m im icked th e  slow 
epsp (Walsh and B yrne, 1985), in d ic a t in g  a p o s s ib le  r o le  f o r  5-HT
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as th e  t r a n s m it te r  h e re . The response o f L I 4 to  io n o p h o n e t ic a lly  
a p p lie d  5-HT re ve rse d  a t  -80mV (c lo s e  to  E „) and changes in  th e  
e x t r a c e l lu la r  K c o n c e n tra t io n  produced s h i f t s  in  th e  re v e rs a l 
p o te n t ia l ;  w hich were in  agreement w ith  changes in  E^. The 
response to  5-HT, a p p lie d  to  th e  n e u ro p ile  re g io n , was th e re fo re  
e s ta b lis h e d  to  be due to  a decrease in  gK (Walsh and B yrne , 1985).
1 .5 .3  MODULATION OF FEEDING BY THE SEROTONERGIC METACEREBRAL CELLS 
OF MOLLUSCS
1 .5 .3 .1  HOMOLOGY OF THE SEROTONERGIC METACEREBRAL CELLS THROUGHOUT 
THE MDLLUSCA
A c e l l  co rre sp o n d in g  to  th e  Cl neurone o f H e lix  i s  p re se n t in  
the  c e re b ra l g a n g lia  o f A n lv s ia . T h is  c e l l  i s  re fe r re d  to  as th e  
m e ta ce re b ra l c e l l  (MCC) and was found  to  c o n ta in  5-HT (W e in re ich , 
McCaman, McCaman and Vaughn, 1973; C o t t r e l l ,  1974). Weiss and 
Kupfermann (1976) c a r r ie d  o u t a d e ta ile d  s tudy to  de te rm ine  w hether 
these c e l ls  a re  homologous among th e  two genera o f A n lv s ia  and 
H e l ix . They conc luded  th a t  they had ve ry  s im i la r  c h a r a c te r is t ic s  
and were a lm o s t c e r ta in ly  homologous. Evidence suggests  th a t  these 
c e l ls  in  o th e r  m o llu sca n  spec ies  a re  a ls o  homologous (Kupfermann 
and W eiss, 1981). S tu d ie s  c a r r ie d  ou t to  dete rm ine  th e  
p h y s io lo g ic a l r o le  o f the  MCCs i n  A n lv s ia  and Lim ax in d ic a te d  an 
in vo lve m e n t o f  these c e l ls  in  th e  m o d u la tio n  o f  fe e d in g  b e h a v io u r.
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1 .5 .3 .2  MODULATION OF FEEDING PATTERN BY THE METACEREBRAL GIANT 
CELLS OF LIMAX
The r o le  o f th e  MCCs o f Limax in  fe e d in g  has been s tu d ie d  by 
G e lp e r in  and co -w o rke rs  and i s  rev iew ed by G e lp e r in  (1 9 8 1 ), The 
MCCs were found to  make s y n a p tic  connec tions  w ith  some m otor 
neurones in  th e  bucca l g a n g lia  which were in v o lv e d  in  th e  
i n i t i a t i o n  and m aintenance o f fe e d in g  behav iour (G e lp e r in , 1975). 
In  a q u ie s c e n t p re p a ra t io n , a c t iv a t io n  o f th e  MCCs a lone  was n o t 
s u f f ic ie n t  to  a c t iv a te  B7 (a m otor neurone to  th e  bucca l 
m u scu la tu re ) o r to  i n i t i a t e  fe e d in g . The MCC, a ltho u gh  unab le  to  
a c t iv a te  B7, produced an epsp, w h ich , i f  B7 was d e p o la ris e d  tow ards 
th re s h o ld , was s u f f ic ie n t  to  produce a c t io n  p o te n t ia ls .  M oreover, 
in  a p re p a ra t io n  in  w h ich  B7 was a c t iv e ,  s t im u la t io n  o f  th e  MCC 
in c re a s e d  th e  a c t i v i t y  o f B7. S tu d ie s  on th e  fe e d in g  m otor program 
o f an is o la te d  l ip - b r a in - b u c c a l g a n g lia  p re p a ra tio n  a ls o  showed 
th a t ,  a lth o u g h  th e  MCCs cou ld  n o t i n i t i a t e  the  fe e d in g  m otor 
program , they d id  enhance i4_ once s ta r te d .
1 .5 .3 .3  MODULATION OF FEEDING BEHAVIOUR BY THE METACEREBRAL CELLS 
OF APLYSIA
The MCCs o f A p lv s ia  have been s tu d ie d  w ith  re g a rd  to  t h e i r  
r o le  in  m o d u la tin g  fe e d in g  behaviour (W eiss, Cohen and Kupfermann 
1975; 1978; W eiss, bfendelbaum, Schonberg and Kupfermann, 1979;
rev iew ed  by Kupfermann and W eiss, 1981). As w ith  L im ax. th e  MCCs 
o f A p lv s ia  make s y n a p tic  connec tions  w ith  some m otor neurones in
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th e  bucca l g a n g lia ,  and a lth o u g h  a c t i v i t y  o f th e  MCCs does no t 
i n i t i a t e  fe e d in g , i t  does enhance th e  a c t i v i t y  o f m otor neurones to  
th e  bucca l mass. The in te r v a l  between b u rs ts  in  m o tor neurones B15 
and B I6 i s  reduced by a c t i v i t y  o f the  MCC.
The MCCs, as w e l l  as send ing processes to  th e  bucca l g a n g lia ,  
a ls o  send processes to  the  bucca l m u scu la tu re , and in  Ap lv s ia  a 
p e r ip h e ra l r o le  in  th e  m o d u la tio n  o f fe e d in g  by 5-HT re le a s e d  from  
th e  MCCs has been shown (W eiss, Cohen and Kupfermann, 1978). 
Tension re c o rd in g s  made form  the  accessory ra d u la r  c lo s e r muscle 
(ARC) have shown th a t  a c t iv a t io n  o f the  bucca l neurones causes 
c o n tra c t io n  o f t h i s  m uscle and th a t  c o n tra c t io n  i s  d ra m a tic a lly  
enhanced by MCC s t im u la t io n .  A lthough MCC a c t i v i t y  in c re a se d  th e  
f i r i n g  ra te  o f th e  bucca l m otor neurones, n e ith e r  t h is  nor 
p re s y n a p tic  f a c i l i t a t i o n  were cons ide red  s u f f i c i e n t  to  account f o r  
th e  in c re a se d  fo rc e  o f c o n tra c t io n .  MCC a c t iv a t io n  was a ls o  a b le  
to  enhance ARC m uscle c o n tra c t io n  in  response to  b r ie f  p u lse s  o f 
a c e ty lc h o lin e .
No p o te n t ia l o r conductance change co u ld  be measured in  th e  
ARC muscle on s t im u la t io n  o f th e  MCC, and i t  was proposed by 
Kupfermann and W eiss (1981 ), th a t  the  MCC co u ld  e x e r t  a d ir e c t  
e f f e c t  on e x c ita t io n - c o n t r a c t io n  c o u p lin g  in  t h i s  m uscle . T h is  
e f f e c t  i s  p ro ba b ly  m ediated by 5-HT which has been shown to  be 
p resen t in  th e  MCCs o f  A p lv s ia  and i s  re le a s e d  upon s t im u la t io n  
(W e in re ich  e t a l ,  1973; G e rsche n fe ld , Hamon and P a u p a rd in -T r its c h , 
1976) .  Exposure o f the  ARC m uscle to  5-HT m im icked  th e  e f fe c t  o f 
MCC a c t iv a t io n  and, bo th  MCC a c t iv a t io n ,  and 5-HT in c re a s e d  cAMP
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le v e ls  in  t h i s  m uscle . Ç y c lic  AMP ana logues and phosphod ieste rase  
in h ib i t o r s  a ls o  enhanced c o n tra c t io n ,  thu s  in d ic a t in g  th a t  the  
e f fe c t  o f MCC s t im u la t io n  i s  m ediated by a 5-HT induced  in c re a se  in  
cAMP (W eiss, Mandelbaum, Schonberg and Kupfermann, 1979).
A p a r a l le l  a c t io n  o f  th e  m o lluscan  neu ro p ep tid e  SCP^ has been 
suggested f o r  th e  enhancement o f c o n tra c t io n  o f  the  ARC m uscle . 
SCPg was found  to  be p re sen t in  th e  ARC m uscle and th e  nerves w h ich  
in n e rv a te  i t .  L ik e  5-HT, SCP caused an enhancement o f c o n tra c t io n  
v ia  a p o s ts y n a p tic  mechanism, which was accompanied by an in c re a se  
in  cAMP le v e ls  in  th e  m uscle . However, 5-HT and SCP^ were tho u gh t 
to  a c t on d i f f e r e n t  re c e p to rs  (L lo y d , Kupfermann and W-eiss, 1984).
1 .5 .3 .4  M)DULATORY ROLE OF THE Cl NEURONE OF HELIX
As d iscussed  p re v io u s ly ,  th e  Cl neurones o f H e lix  make 
s y n a p tic  co n n e c tio n s  w ith  c e r ta in  id e n t i f ie d  neurones in  th e  bucca l 
g a n g lia .  The e f f e c t  o f Cl neurone s t im u la t io n  on th e  A neurone i s  
to  produce a s low , vo lta g e -d e p e n d e n t d e p o la r is in g  response th a t  i s  
l i k e l y  to  be th e  r e s u l t  o f  a decrease in  gK ( C o t t r e l l ,  1971; 1981; 
1982b ) .  The p h y s io lo g ic a l r o le  o f t h is  slow v o lta g e -dependent 
s y n a p tic  response has been cons ide red  ( C o t t r e l l ,  1982a). C onstant 
c u rre n t d e p o la r is in g  p u lse s  o f  about 4 .5 s  d u ra t io n  a p p lie d  to  th e  A 
neurone e l i c i t e d  a c t io n  p o te n t ia ls .  However, th e  A neurone 
d is p la y e d  accommodation, th e  number o f a c t io n  p o te n t ia ls  pe r 
d e p o la r is in g  pu lse  d e c re a s in g  w ith  r e p e t i t iv e  s t im u la t io n .  I t  was 
found  th a t  s t im u la t io n  o f  th e  Cl neurone caused an in c re a se  in  th e  
number o f a c t io n  p o te n t ia ls  per d e p o la r is in g  p u lse  in  th e  A
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neurone, thus  p a r t i a l l y  overcom ing accommodation. Rapid a c t iv a t io n  
o f  th e  Cl neurone caused a sm a ll (abou t 2raV) d e p o la r is a t io n  o f  th e  
A neurone, b u t t h i s  was in s u f f i c i e n t  to  e x p la in  th e  f a c i l i t a t i o n ,  
s in ce  d e p o la r is in g  th e  A neurone by t h is  amount d id  n o t cause 
f a c i l i t a t i o n .  D u rin g  Cl neurone a c t iv a t io n ,  th e  a c t io n  p o te n t ia l 
d u ra t io n  o f th e  A neurone in c re a se d  ( C o t t r e l l ,  1982a). The
in c re a s e  in  a c t io n  p o te n t ia l  d u ra t io n , i f  a ls o  p re sen t a t  the  
p re s y n a p tic  te rm in a ls  o f th e  A neurone, co u ld  have a f a c i l i t a t o r y  
e f f e c t  i n  th e  re le a s e  o f t r a n s m it te r .  However, a more l i k e l y  
e f fe c t  o f  Cl neurone a c t iv a t io n  i s  to  enhance o th e r  in p u ts  on to  th e  
A neurone, th u s  p roduc ing  an in c re a s e  in  th e  tra n s m is s io n  o f a c t io n  
p o te n t ia ls  s im i la r  to  the  e f fe c t  seen in  overcom ing accommodation.
S y n a p tic  co nn e c tion s  between th e  s y m m e tr ic a lly  lo c a te d  Cl 
neurones have re c e n t ly  been e s ta b lis h e d  ( C o t t r e l l ,  unpub lished  
o b s e rv a t io n s ) .  A c t iv a t io n  o f  one Cl neurone produces a sm a ll 
inw a rd  c u r re n t  in  th e  c o n t r a la te r a l Cl neurone when i t  i s  h e ld
under v o lta g e  clamp c o n d it io n s  a t  a d e p o la r is e d  p o te n t ia l .  T h is  
response i s  p ro ba b ly  th e  r e s u l t  o f a decrease i n  gK, as i s  th e
response to  exogenously a p p lie d  5-HT, The sm a ll a m p litu d e  o f the
s y n a p t ic a l ly  evoked response may in d ic a te  th a t  th e  s i t e  o f th e  
synapses i s  some d is ta n ce  from  the  soma. The Cl neurones, l i k e  the  
A neurones, d is p la y  accommodation when d e p o la r is in g  p u lse s  a re  
a p p lie d .  The s y n a p tic  l in k s  between th e  Cl neurones may h e lp  to  
overcome accommodation.
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1.6 MODULATORY ACTIONS OF 5-HT IN VERTEBRATE SYSTEMS
1 .6 .1  EFFECT OF 5-HT ON LAMPREY MOTOR NEURONES AND PR EM] TOR 
INTERNEURONES
In  th e  m id lin e  o f the  lam prey s p in a l co rd  th e re  i s  a column o f 
5 -H T -c o n ta in in g  neurones, which form  a dense p lexus o f  5-HT 
v a r ic o s i t ie s .  D e n d r i t ic  branches o f  segmental m o tor neurones and 
p rem o to r in te rn e u ro n e s  a re  p re sen t in  t h i s  p le xus  in  c lose  
p ro x im ity  to  th e  5-HT v a r ic o s i t ie s ,  su g g e s tin g  th a t  the  5-HT 
pathway may a f f e c t  these  neurones. T h is  p o s s ib i l i t y  was 
in v e s t ig a te d  by Van Dongen, G r i l ln e r  and H o k fe lt  (1 9 85 ). In  most 
m o tor neurones and p rem oto r in te rn e u ro n e s  s tu d ie d , a p p lic a t io n  o f 
5-HT had no e f fe c t  on r e s t in g  membrane p o te n t ia l .  However, 5-HT 
d id  a tte n u a te  th e  la t e  phase o f th e  a f te rh y p e rp o la r is a t io n  
fo l lo w in g  an a c t io n  p o te n t ia l ,  w hich i s  th o u g h t to  be due to  a 
Ca-dependent K c u r re n t .  Such a response to  5-HT, i f  p resen t 
p h y s io lo g ic a l ly ,  co u ld  be im p o r ta n t in  m o d u la tin g  th e  d ischarge  
fre q u e n cy  o f these neurones, as th e  la t e  phase o f the  
a f te rh y p e r p o la r is a t io n  i s  a m a jo r d e te rm in a n t o f d ischarge  
fre q u e n cy  (Van Dongen, e t  a l ,  1986).
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1 .6 .2  MODULATORY ACTIONS OF 5-HT IN MAMMALIAN SYSTEMS
M odula tory ro le s  f o r  5-HT in  mammalian system s have a ls o  been 
suggested. Most o f these  have been desc ribe d  in  an e a r l ie r  s e c tio n  
and s h a l l  on ly  be m entioned b r i e f l y  here , w ith  rega rd  to  t h e i r  
neurom odula tory r o le .  The m o d u la to ry  e f fe c t  o f 5-HT on r a t  f a c ia l  
m otor neurones, d e s c r ib e d  by M cCall and A # ia ja n ia n  (1 9 79 ), and Van 
der I^ e le n  and A gha jan ian  (1 9 8 0 ), was an in c re a s e  in  e x c i t a b i l i t y ,  
such th a t  i t  d ra m a tic a lly  f a c i l i t a t e d  th e  e x c ita to r y  e f fe c ts  o f 
io n o p h o re t ic a l ly  a p p lie d  g lu tam a te  o r o th e r e x c ita to r y  substances. 
L ik e w is e , 5-HT m odula ted  th e  a c t i v i t y  o f lum bar s p in a l neurones by 
in c re a s in g  th e  e x c i t a b i l i t y  to  g lu ta m a te  a c t iv a t io n  (W hite  and 
Neuman, 1980). Dun e t  a l  (1984a ,b ) d e sc rib e d  a slow epsp in  th e  
c o e lia c  g a n g lia  o f th e  g u in e a -p ig  w h ich  appeared to  be m ediated by 
5-HT and which re s u lte d  in  th e  f a c i l i t a t i o n  o f  a c h o l in e rg ic  f a s t  
epsp.
The slow s e ro to n e rg ic  epsp reco rded  in  neurones o f th e  
m y e n te r ic  p lexus o f  th e  g u in e a -p ig  may a ls o  have a m odu la to ry  r o le  
(Wood and Mayer, 1 9 7 9 a ,b ). D u ring  th e  slow epsp th e re  i s  an 
in c re a s e  in  in p u t re s is ta n c e , augmented e x c i t a b i l i t y  and a b lockade 
o f  p o s t-s p ik e  h y p e rp o la r is a t io n .  The slow epsp i s  tho u gh t to  
e f f e c t  two type s  o f Ca-dependent K c u r re n t ,  t h a t  a s s o c ia te d  w ith  Ca 
in f l u x  d u r in g  th e  a c t io n  p o te n t ia l ,  and th a t  p re se n t a t  re s t in g  
p o te n t ia l  and c o n t r ib u t in g  to  th e  h i ^  r e s t in g  conductance, low 
e x c i t a b i l i t y  s ta te  o f th e  neurones (G ra fe , bfeyer and Wood, 1980). 
The re d u c t io n  o f  t h i s  l a t t e r  Ca-dependent K c u r re n t  cou ld  be the
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mechanism in v o lv e d  in  lo n g  term  s y n a p tic  augm enta tion  o f
e x c i t a b i l i t y  observed i n  these  neurones.
1.7  MODULATORY ACTIONS OF OTHER NEUROTRANSMITTERS
1 .7 .1  MUSCARINIC SUPPRESSION OF K CURRENTS
S t im u la t io n  o f  th e  c h o l in e rg ic  p re g a n g lio n ic  f ib r e s  o f 
b u l l f r o g  sym p a th e tic  g a n g lia  causes, in  a d d i t io n  to  a co nve n tio n a l 
fa s t  epsp, a slow epsp w h ich  was accompanied by an in c re a se d  in p u t 
re s is ta n c e  o f th e  g a n g lio n ic  c e l ls  (W eight and V otava , 1970). The
slow epsp re ve rse d  a t  -88mV, near to  th e  p re d ic te d  E_, and
in c re a s e d  in  a m p litu d e  as th e  c e l l  was d e p o la r is e d , sugges ting  th a t
a decrease in  gK was th e  io n ic  mechanism in v o lv e d .
The slow epsp was found  to  be m ed ia ted  by m u s c a rin ic  re c e p to rs  
and was m im icked by a p p l ic a t io n  o f m u s c a r in ic  a g o n is ts .  The n a tu re  
o f th e  K c u rre n t suppressed by m u s c a rin ic  a g o n is ts  was s tu d ie d  by 
Brown and Adams (1 9 8 0 ), who found i t  to  be a nove l 
v o lta g e -s e n s it iv e  K c u r re n t  w h ich  d i f fe r e d  f r o n  th e  o th e r m a jo r K 
c u r re n ts  p re v io u s ly  d e s c r ib e d , namely I ^ ,  1^.^ and I ^  (see Thompson, 
1977 and Adams, S n ith  and Thaapson, 1980). T h is  m u s c a rin ic  
s e n s i t iv e  c u rre n t was th e re fo re  termed th e  M c u r re n t (Brown and 
Adams, 1980; Adams, Brown and C o n s ta n ti, 1982a; Adams and Brown, 
1982) .  The M c u r re n t  was a c t iv a te d  when Vm was more d e p o la r is e d  
th a n  -60mV and d id  n o t in a c t iv a te  w ith  t im e . I t  was suggested th a t  
th e  presence o f t h i s  c u r re n t  w ou ld  have a p o te n t ia l  c lam ping e f fe c t  
on th e  neurones (Adams, Brown and C o n s ta n ti, 1982a).
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Adams and Brown (1982) showed th a t  s y n a p t ic a l ly  evoked 
c u r re n ts  i n  v o lta g e  clamped sym p a th e tic  neurones w ere  the  r e s u l t  o f 
an in h ib i t i o n  o f  the  M c u r re n t .  The fh y s io lo g ic a l  r o le  o f M 
c u r re n t  su pp re ss io n  by a c e ty lc h o lin e  may be to  enab le  the  neurone 
to  s u s ta in  th e  r e p e t i t i v e  f i r i n g  o f  a c t io n  p o te n t ia ls  (Adams and 
Brown, 1982; Brown, G ah w ile r, Marsh and S e lyanko , 1986). The 
presence and m o d u la tio n  o f  M c u rre n ts  has a ls o  been e s ta b lis h e d  in  
o th e r  t is s u e s ,  such as r a t  sym p a th e tic  neurones, m y e n te r ic  neurones 
and h ippocam pal p yram ida l c e l ls  (C o n s ta n ti and Brown, 1981; Brown 
and S e lyanko , 1985a,b ; H a l l iw e l l  and Adams, 1982; Brown G ah w ile r, 
Nfeirsh and S e lyanko , 1986).
In  some t is s u e s  m u s c a rin ic  a g o n is ts  have been found  to  
decrease n o t o n ly  th e  M c u r re n t ,  but a ls o  th e  Ca-dependent K 
c u r re n t  w h ich  c o n tr ib u te s  to  th e  a f te rh y p e rp o la r is a t io n  fo l lo w in g  
an a c t io n  p o te n t ia l (P e n n e fa th e r, L ancas te r, Adams and N ic o l l ,  
1985; N o rth  and Tokimasa, 1983; Cole and N ic o l l ,  1983; Brown e t  a l .  
1986) .  N o rth  and Tokimasa (1983) re p o r te d  th a t  ACh, as w e ll as 
d ec re a s in g  th e  r e s t in g  gK o f  g u in e a -p ig  m y e n te r ic  neurones, a ls o  
reduced th e  a f te r h y p e r p o la r is a t io n  r e s u l t in g  from  a Ca-dependent 
gK. In  b u l l f r o g  sym p a th e tic  g a n g lio n  c e l ls ,  two d is t in c t  typ e s  o f 
Ca-dependent K c u r re n ts  were shown to  e x is t .  These were the  fa s t  
component ( I ^ )  and a s low e r component c o n t r ib u t in g  to  th e  
a f te r h y p e r p o la r is a t io n  » I ^ p  was reduced by m u sca rin ic
a g o n is ts ,  b u t was le s s  s e n s it iv e  to  these compounds than  the  M 
c u r re n t  (P e n n e fa th e r, e^ âi.» 1985).
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In  h ippocam pal pyram ida l c e l ls  m u sc a rin ic  a g o n is ts  decrease 
both  a Ca-dependent K c u r re n t  and th e  M c u rre n t (C o le  and N ic o l l ,  
1983; 1984a; H a l l iw e l l  and Adams, 1982; Brown e t  a l ,  1986). Cole
and N ic o l l  (1984a) found  th a t  s t im u la t io n  o f the  a f fe r e n t  f ib r e s  in  
th e  s tra tu m  o r ie n s  re s u lte d  in  a c h o l in e rg ic ,  s low , 
vo ltag e -d ep e nd e n t d e p o la r is a t io n  in  hippocampal p yram ida l c e l ls .  
Accompanying t h i s  slow epsp was an in c re a se  in  in p u t  re s is ta n c e  and 
a f a c i l i t a t i o n  o f  r e p e t i t iv e  f i r i n g  as a r e s u l t  o f  a decrease in  
th e  Ca-dependent K c u r re n t  u n d e r ly in g  th e  a f te rh y p e rp o la r is a t io n .  
W h ils t  th e  b lo c k  o f  the  a f te rh y p e rp o la r is a t io n  co u ld  be m im icked by 
ACh and th e  Ca channel b lo c k in g  agent Cd, o n ly  ACh caused th e  
v o lta g e  dependent d e p o la r is a t io n ,  which was th o u g h t to  be due to  a 
decrease in  th e  M c u r re n t  (Brown e t  a l ,  1986). The presence o f an 
M c u rre n t w hich i s  s u s c e p t ib le  to  m u sc a rin ic  a g o n is ts  has been 
d esc rib e d  in  h ippocam pal neurones ( H a l l iw e l l  and Adams, 1982).
1 .7 .2  SYNAPTIC BLOCK OF A TRANSMITTER-INDUCED gK AND A Cb-ACTIVATED 
gK
Kehoe (1985a ,b ) re p o r te d  th a t  a c t iv a t io n  o f  c e r ta in  
p re s y n a p tic  neurones caused a decrease in  both c h o l in e r g ic a l ly  
a c t iv a te d  and C a -a c tiv a te d  K c u r re n ts  in  a p o s ts y n a p tic  neurone in  
A p lv s ia . The slow epsp produced by a c t iv a t io n  o f th e  p re s y n a p tic  
neurones was shown to  be th e  r e s u l t  o f a decrease in  a 
c h o l in e r g ic a l ly  a c t iv a te d  gK. I t  re ve rsed  near E^ and was 
dependent upon th e  e x t r a c e l lu la r  K c o n c e n tra t io n  in  agreement w ith  
th e  N ernst e q u a tio n . The c h o l in e rg ic  n a tu re  o f th e  K c u r re n t
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reduced by s y n a p tic  s t im u la t io n  was dem onstra ted w ith  c h o l in e rg ic  
a g o n is ts  and a n ta g o n is ts .  Fu rthe rm ore, i f  th e  neurone m e d ia tin g  
th e  slow epsp was f i r e d  s h o r t ly  b e fo re  a neurone m e d ia tin g  a
c h o l in e rg ic  in c re a s e  in  gK, th e  c h o l in e rg ic  h y p e rp o la r is a t io n  was 
m arked ly  reduced (Kehoe, 1985a). The p re s y n a p tic  neurones
m e d ia tin g  th e  slow epsp a ls o  m ediated a re d u c t io n  in  a
d e p o la r is a t io n  induced  K c u r re n t .  T h is  c u r re n t was th o u g h t to  be 
C a -a c tiv a te d  s in ce  i t  was e lim in a te d  in  Ca f r e e  s a lin e  and a f t e r  
p ro longed  in t r a c e l l u la r  in je c t io n  o f  EGTA (Kehoe, 1985b).
1 .7 .3  OTHER MDDÜLATORÏ ACTIONS
Most o f the  m odu la to ry  a c t io n s  d e sc rib e d  above in v o lv e  a
decrease in  gK. However, m odu la to ry  t r a n s m it te r s  a ls o  o pe ra te  by
o th e r mechanisms. As m entioned p re v io u s ly  th e  response to  5-HT
s tu d ie d  by P e llm a r (1984) in  A n lv s ia  neurones i s  b e lie v e d  to  r e s u l t
2+from  an in c re a s e d  gCa. Ca io n s  a re  known to  re g u la te  many 
processes in s id e  c e l ls ,  such as th e  re le a se  o f n e u ro tra n s m it te rs  o r  
hormones. D ire c t  t r a n s m it te r  a c t iv a te d  m o d u la tio n  o f  v o lta g e  gated  
Ca channels a t  nerve te rm in a ls  can be a means o f  p re s y n a p tic  
f a c i l i t a t i o n  (Shimahara and Tauc, 1977), as can th e  in d i r e c t  e f f e c t  
on ca c u rre n ts  v ia  a reduced gK (K le in  and K andel, 1978; 1980).
Recent evidence suggests th a t  in  sensory neurones o f  A p lv s ia  5-HT 
may indeed cause an in c re a se  in  in t r a c e l l u la r  Ca w h ich  cannot be 
accounted f o r  by a secondary e f fe c t  o f th e  decreased gK (B o y le , .ei. 
a l ,  1984). However, w hether t h is  in c re a se d  i n t r a c e l l u l a r  Ca, as 
measured by th e  C a -s e n s it iv e  4ye Arsenazo I I I ,  r e f le c t s  an in f lu x  
o f  Ca, a decreased uptake o f Ca in t o  in t r a c e l l u l a r  s to re s  o r  a
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re le a s e  frcM  in t r a c e l l u la r  s to re s  i s  n o t de te rm ined . That Ca 
channe ls  o f  e x c ita b le  membranes can be m odulated by 
n e u ro tra n s m itte rs  i s  c e r ta in .  Most o f the  ev idence  f o r  t h is  comes 
from  c a rd ia c  m uscle , where n o ra d re n a lin e  and a d re n a lin e  in c re a se  
th e  p r o b a b i l i t y  o f  channel open ing d u r in g  d e p o la r is a t io n ,  ( f o r  a 
re v ie w  o f the  m o d u la tio n  o f  Ca channels see R eute r, 1983). 
R e ce n tly  i t  has been found  th a t  5-HT can enhance the  Ca c u r re n t o f 
some H e l ix  neurones (P a u p a rd in -T r its c h , Hammond and G ersche n fe ld , 
1986). T h is  e f fe c t  o f 5-HT i s  th o u g h t to  be m ed ia ted  by c y c l ic  GMP 
(cGMP) s in c e  i t  was m im icked by th e  in t r a c e l l u la r  in je c t io n  o f  cGMP 
o r a c t iv a te d  cGMP-dependent p ro te in  k in a se . In  a d d it io n  i t  was 
a ls o  m im icked by an i n h ib i t o r  o f cGMP-dependent phosphod ieste rase  
(P a u p a rd in -T r its c h , Hammond, G erschen fe ld , N a irn  and Greengard, 
1986).
1.8 MEDIATION OF TRANSMITTER ACTIONS BY INTRACELLULAR MESSENGERS
M odu la to ry  a c t io n s  o f  t r a n s m it te r s  (such as those  d esc ribe d  
above) o f te n  occur more s lo w ly  and p e r s is t  f o r  a lo n g e r d u ra t io n  
th a n  do d ir e c t  e x c ita to r y  o r  in h ib i t o r y  responses. Such slow 
responses a re  commonly m ed ia ted  by in t r a c e l lu la r  second messengers 
(Kupferm ann, 1979). D ire c t  t ra n s m it te r - re c e p to r  m ed ia ted responses 
in v o lv e  an in te r a c t io n  o f  th e  t r a n s m it te r  w ith  a re c e p to r ,  which i s  
th o u g h t to  be lo c a te d  on th e  p ro te in  complex, w h ich  in c o rp o ra te s  
th e  io n  channe l. Second messenger m ediated responses in v o lv e  an 
in t e r a c t io n  o f the  t r a n s m it te r  w ith  re c e p to rs , w h ich  a re  s p e c ia l ly  
sepa ra te  from  the  io n  ch an n e l, thu s  re q u ir in g  th e  p ro d u c tio n  o f  an 
in t r a c e l l u l a r  messenger. I n t r a c e l lu la r  messengers in c lu d e , cAMP,
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cGMP, Ca, d ia c y lg ly c e r o l and in o s ito l t r is p h o s p h a te .  Most o f these 
substances (excep t in o s ito lt r is p h o s p h a te  w h ich  causes a re le a s e  o f 
Ca^ "** io n s  from  in t r a c e l l u la r  s to re s )  a re  b e lie v e d  to  a c t iv a te
s p e c i f ic  p ro te in  k in a se s , w h ich  in  tu rn  phosphonyla te  c e r ta in
p ro te in s .  P h o sp h o ry la tio n  o f p ro te in s  a t  o r near th e  io n  channel
may b r in g  about a change in  th e  a c t i v i t y  o f th e  io n  channe l.
In  t h i s  s e c tio n  some evidence f o r  the  r o le  o f  i n t r a c e l lu la r  
messengers in  th e  m e d ia tio n  o f  t r a n s m it te r  e f fe c ts  s h a l l  be 
d iscu ssed . However, t h i s  d is c u s s io n  s h a l l  n o t be e xh a u s tiv e  as 
many responses b e lie v e d  to  in v o lv e  in t r a c e l l u la r  messengers s h a l l  
no t be d iscussed , b u t on ly  those  o f re levance  to  t h i s  th e s is .
1 .8 .1  5-HT EFFECTS MEDIATED BY INTRACELLULAR SECOND MESSENGERS
In  1972 Cedar, Kandel and Schwartz measured an in c re a s e  in  
cAMP p ro d u c tio n  in  is o la te d  g a n g lia  o f A n lv s ia  on s t im u la t io n  o f 
p e r ip h e ra l nerve c o n n e c tive s . A lthough  they co u ld  n o t de te rm ine  i f  
the  o r ig in  o f  the  in c re a se d  cAMP p ro d u c tio n  was neu rona l o r g l i a l ,  
they were a b le  to  conclude th a t  i t  was th e  r e s u l t  o f s y n a p tic  
s t im u la t io n  and n o t m ere ly an e f fe c t  o f  im pu lse  a c t i v i t y  in  th e  
ne rves . In  a d d it io n ,  p e r fu s io n  o f the  ^ n g l i a  w ith  5-HT o r  
dopamine caused an in c re a s e  in  cAMP p ro d u c t io n , w h i ls t  o th e r 
t ra n s m it te rs  te s te d , g lu ta m a te , n o ra d re n a lin e , h is ta m in e  and th e  
a c e ty lc h o lin e  a g o n is t ,  c a rb a c h o l, were in e f f e c t iv e .  I t  was 
th e re fo re  proposed th a t  a t r a n s m it te r  re le a se d  a t  th e  synapses 
co u ld  enhance p ro d u c tio n  o f  cAMP in  Ap lv s ia  g a n g lia  (Cedar and 
S chw artz, 1972). S ince these f in d in g s  o f  Cedar and Schw artz (1972)
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many n e u ro tra n s m it te r  e f fe c ts  have been proposed to  in v o lv e  
i n t r a c e l l u l a r  messengers.
1 .8 .1 .1  cAMP IN THE GILL-WITHDRAWAL REFLEX OF APLYSIA
S tu d ie s  on th e  mechanism o f s e n s i t is a t io n  in  th e  
g i l l - w i t h d r a w a l  r e f le x  o f  A p lv s ia  suggest an in vo lve m e n t o f cAMP. 
A p p lic a t io n  o f  d ib u ty r y l  cAMP o r in je c t io n  o f  cAMP in t o  c e l l  bod ies  
o f  sensory neurones m im ics th e  enhancement o f  s y n a p tic  
tra n s m is s io n , induced  by s t im u la t in g  th e  c o n n e c tive s  from  the  head, 
o r by a p p l ic a t io n  o f  5-HT ( B r u n e l l i ,  e t  a l ,  1976). The b roaden ing  
o f  the  a c t io n  p o te n t ia l  fo l lo w in g  a p p l ic a t io n  o f  5-HT o r  co n n e c tive  
s t im u la t io n  was a ls o  enhanced by a p p l ic a t io n  o f th e  
phosphod ies te rase  in h ib i t o r s  is o b u ty l  m e thy l x a n th in e  (IBMX) and 
Ro-20-1724 ( K le in  and Kandel, 1978).
The a c t io n s  o f  cAMP a re  tho u gh t to  be m ed ia ted  by p ro te in  
p h o s p h o ry la t io n  v ia  a cAMP-dependent p ro te in  k in a s e . The r o le  o f 
p ro te in  p h o s p h o ry la t io n  in  f a c i l i t a t i n g  t r a n s m it te r  re le a s e  from  
sensory neurones was s tu d ie d  by in je c t in g  th e  c a t a ly t i c  s u b u n it o f  
cAMP-dependent p ro te in  k in a se  in t o  th e  c e l ls .  T h is  caused a 
b roaden ing  o f  the  a c t io n  p o te n t ia l  and a decreased in p u t  
conductance (presum ably by dec rea s in g  gK), th u s  enhancing 
t r a n s m it te r  re le a s e  (C a s te l lu c c i,  Kandel, S chw artz, W ilso n , N a irn  
and G reengard, 1980). The a c t io n  o f  a substance w h ich  can i n h ib i t  
th e  e f f e c t  o f cAMP i s  o f  more use in  d e te rm in in g  i f  cAMP i s  th e  
in t r a c e l l u l a r  m e d ia to r o f a response . I n je c t io n  o f  p ro te in  k in a se  
in h ib i t o r ,  w h ich  s p e c i f i c a l l y  in h ib i t s  cAMP-dependent p ro te in
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k in a s e , was found  to  b lo c k  th e  e f fe c t  o f 5-HT on A p ly s ia  sensory 
neurones ( C a s te l lu c c i,  N a irn , Greengard, Schwartz and Kandel, 
1982) .  5-HT and cAMP bo th  decreased th e  nove l K c u r re n t,  th e  S 
c u r re n t (K le in  and K ande l, 1982).
The r o le  o f cAMP i n  th e  c lo s u re  o f K channels has been s tu d ie d  
a t  the  s in g le  channel le v e l  (S iegelbaum  e t a l ,  1982; Camardo, 
S hu s te r, S iegelbaum and K ande l, 1983; S hu s te r, Camardo, Siegelbaum 
and Kandel, 1 985 ). S iegelbaum .et ^  (1982) observed th a t  K 
channels in  a c e l l - a t ta c h e d  membrane patch were c lo se d  by 
a p p l ic a t io n  o f  5-HT to  th e  c e l l .  T h is  e f fe c t  o f 5-HT from  o u tw ith  
the  patch  p ip e t te  f u r t h e r  suggested the  in vo lvem en t o f an 
i n t r a c e l l u la r  m essenger. I n je c t io n  o f  cAMP in t o  th e  c e l l  a ls o  
caused c lo s u re  o f these  K channe ls  (S ch a n n e ls ). L a te r  expe rim en ts  
(S h u s te r .e t a l ,  1985) re v e a le d  th a t  the  p u r i f ie d  c a ta ly t ic  s u b u n it 
o f  cAMP-dependent p ro te in  k in a se  caused c lo s u re  o f  S channels when 
a p p lie d  to  th e  in s id e  s u rfa c e  o f an is o la te d  in s id e - o u t  membrane 
p a tch . Many, bu t n o t a l l  o f  th e  c h a r a c te r is t ic s  o f  the  c lo s u re  o f 
S channels by th e  c a t a ly t i c  s u b u n it were the  same as the  c lo s u re  o f 
S channels by 5-HT a p p lie d  to  th e  c e l l  (S h u s te r e t  a l .  1985).
1 .8 .1 .2  cAMP IN THE TAIL-WITHDRAWAL AND INKING RESPONSES OF APLYSIA
The decrease in  gK i n  t a i l  sensory neurones and in k  m otor 
neurones, l i k e  th a t  i n  th e  sensory neurones o f th e  g i l l - w i th d r a w a l 
r e f le x ,  may be m ed ia ted  by cAMP, Two p o s s ib le  t r a n s m it te r s  (5-HT 
and SGPg), w hich cause a decrease in  gK in  t a i l  sensory neurones, 
in c re a se d  cAMP le v e ls  in  these  c e l ls  (O co rr and Byrne, 1985).
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A p p lic a t io n  o f  f o r s k o l in  (a s p e c i f ic  s t im u la to r  o f a deny la te  
c y c la s e ; Seamon, P adgett and D a ly , 1981), o r cAMP analogues a ls o  
decreased gK in  these neurones, m im ick ing  th e  e f fe c t  o f 5-HT o r 
h e te ro s y n a p t ic  f a c i l i t a t i o n  (Walsh and B yrne, 198 4 a ,b ). In  in k  
m otor neurones, a p p lic a t io n  o f the  8-bromo d e r iv a t iv e s  o f  e i th e r  
cAMP o r cGMP m im ic the  decrease i n  gK produced by 5-HT a p p lic a t io n  
to  th e  n e u ro p ile  re g io n  below these c e l ls .  However, o n ly  cAMP i s  
th o u g h t to  m ed ia te  the  e f fe c t  o f 5-HT as th e  in w a rd  c u rre n t to  5-HT 
was b locked  d u r in g  the  8-bromo cAMP-induced in w a rd  c u r re n t,  bu t no t 
d u r in g  th e  8-brcano cGMP-induced inw a rd  c u r re n t.  The
phosphod ies te rase  in h ib i t o r s ,  IB MX and Ro-20-1724, as w e l l  as 
f o r s k o l in  a ls o  m im icked th e  5-HT response. Fu rthe rm ore , low doses 
o f  these compounds p o te n t ia te d  th e  response to  5-HT, in d ic a t in g  th e  
response to  be m ediated by cAMP (Walsh and B yrne , 1985).
1 .8 .1 .3  ROLE OF cAMP IN THE 5-HT INDUCED DECREASE gK IN HELIX
The in vo lvem en t o f cAMP in  th e  slow inw ard  c u r re n t  produced by 
5-HT in  c e r ta in  s n a il neurones was s tu d ie d  by D e te rre  jgt. a l ,
(1 9 8 1 ). I n t r a c e l lu la r  in je c t io n  o f  cAMP, bu t n o t cGMP o r 5*-AMP 
evoked a slow inw ard  c u r re n t  s im i la r  to  th e  5-HT response. Low 
doses (1 -20  |iM) o f  th e  fiio sp h o d i e s te ra  se in h ib i t o r  IB MX in c re a se d  
both  th e  a m p litu d e  and d u ra t io n  o f  the  5-HT response , w h i ls t  h i ^ ie r  
doses (up to  100 ^M) caused an inw ard  c u r re n t and b locked  any 
fu r th e r  in w a rd  c u rre n t response to  5-HT. T h e o fA iy llin e  and
Ro-20-1724 produced s im i la r  e f fe c ts ,  su gg e s ting  an invo lvem en t o f 
cAMP in  th e  response. Experim ents on homogenates o f  pooled
id e n t i f ie d  neurones e s ta b lis h e d  th a t  5-HT was capable o f
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s t im u la t in g  a d e n y la te  cyc la se  a c t i v i t y  by 50-100%. Measurements o f 
a d e n y la te  cyc la se  a c t i v i t y  have a ls o  been perform ed on s in g le  c e l ls  
u s in g  a m icroassay te c h n iq u e . In  c e l l  F I,  bo th  5-HT and dopamine 
cause a decrease gK and in  t h i s  c e l l  both  these substances produced 
a s t im u la t io n  o f  a d e n y la te  c y c la s e , w h ile  in  a neurone w h ich  never 
showed an inw a rd  c u r re n t  response to  e i th e r  t r a n s m it te r ,  no 
s t im u la t io n  o f  a d e n y la te  cyc la se  a c t i v i t y  was d e te c te d . In c re a s in g  
th e  in t r a c e l l u la r  cAMP by in je c t io n  o f cAMP, o r s t im u la t io n  o f 
a d e n y la te  cyc lase  w ith  f o r s k o l in ,  produced an in w a rd  c u r re n t  in  
c e l l  F I . S a tu ra t io n  o f  t h i s  in w a rd  c u rre n t b locked  th e  e f fe c ts  o f 
5-HT and dopamine (D e te rre  e t  a l ,  1982). These r e s u l t s  in d ic a te  
t h a t  in  t h is  c e l l  both  5-HT and dopamine produce an in w a rd  c u rre n t 
v ia  cAMP.
The s y n a p t ic a l ly  induced decreases in  gK s tu d ie d  by Kehoe 
(1985a ,b ) may be m ediated by 5-HT, a lthough  no t such s u b s ta n t ia l 
ev idence f o r  t h is  has been shown. Bath a p p l ic a t io n  o f  a permeant 
cAMP analogue p -ch lo ro p h e n y lth io -cA M P  (CPT-cAMP) o r  
phosphod ies te rase  in h ib i t o r s  m im icked th e  i^ n a p t ic  b lo c k  o f  th e  
Ca-dependent K c u rre n t and th u s  b locked  any fu r th e r  e f fe c t  o f 
s y n a p t ic  s t im u la t io n .  However in je c t io n  o f  cAMP in t o  th e  soma d id  
n o t a f f e c t  t h i s  c u rre n t w h ich  was th o u g h t to  o r ig in a te  in  th e  axon 
(Kehoe, 1985b). I n je c t io n  o f  cAMP in t o  th e  c e l l  o r  a p p l ic a t io n  o f 
CPT-cAMP d id  m im ic th e  j^ n a p t ic  decrease o f th e  c h o l in e rg ic  K 
c u r re n t  w h ich  i s  a ls o  th o u g h t to  be m ediated by cAMP. The 
s y n a p t ic a lly - in d u c e d  b lo c k  o f  t h i s  K c u r re n t,  as w e l l  as th e  e f fe c t  
o f  cAMP in je c t io n  were enhanced and p ro longed  by ba th  a p p l ic a t io n  
o f  phosphod ies te rase  in h ib i t o r s .
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1 .8 .1 .4  cAMP MEDIATION OF A 5-HT INDUCED INCREASE gK IN APLYSIA
The examples o f  cAMP-mediated m o d u la tio n  d e sc rib e d  so f a r  have 
m o s tly  concerned decreases in  K conductances. However, 
cAMP-mediated in c re a s e s  in  K conductances have a ls o  been re p o r te d . 
E x tens ive  s tu d ie s  have been made on a 5 -H T -induced  in c re a s e  in  a 
potassium  c u rre n t in  th e  R15 neurone o f A n lv s ia . w h ich  appears to  
be m ediated by cAMP (Adams and L e v ita n ,  1982; Benson and L e v ita n , 
1983; Lemos and L e v ita n ,  1984; Lemos, N ovak-H ofer and L e v ita n , 
1985) .  5-HT was found  to  in c re a s e  the  anom alously r e c t i f y in g  K 
c u rre n t in  R15. T h is  e f f e c t  o f 5-HT, which i s  p re se n t a t  more 
h y p e rp o la r is e d  p o te n t ia ls  re v e rs e s  a t  E in  s o lu t io n s  o f  d i f f e r e n t  
K c o n c e n tra t io n  (Benson and L e v ita n ,  1983) and i s  b locked  by th e  K 
channel b lo c k e rs  Ba, Rb and Cs.
In  R15 a p p l ic a t io n  o f cAMP ana logues m im icked th e  e f fe c t  o f 
5-HT on th e  c u r re n t- v o lta g e  curve w h i ls t  phosphod ies te rase  
in h ib i t o r s  p o te n t ia te d  th e  e f fe c ts  o f  low  c o n c e n tra t io n s  o f  5-HT 
(Drummond, Benson and L e v ita n ,  1980). Adams and L e v ita n  (1982) 
e s ta b lis h e d  th a t  cAMP m ed ia ted  p ro te in  p h o s p h o ry la t io n  was 
necessary f o r  the  5-HT evoked response . To dem onstra te  t h i s  they  
used p ro te in  k in a se  in h ib i t o r  (P K I) , a p ro te in  w h ich  b in d s  w ith  
h ig h  a f f i n i t y  to  th e  c a ta ly t ic  s u b u n it o f cAMP-dependent p ro te in  
k in a se , thus  in h ib i t i n g  i t s  a c t i v i t y .  I n je c t io n  o f  PKI in t o  R15 
neurones s e le c t iv e ly  in h ib i te d  th e  response to  5-HT w h i ls t  no t 
a f fe c t in g  th e  non-cAMP m ed ia ted  dopamine response (Adams and 
L e v ita n , 1982). E xperim ents u s in g  a GDP analogue (G D P ^S ), w h ich
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s e le c t iv e ly  in h ib i t s  a d e n y la te  pyc lase  by b in d in g  to  the  GDP 
re g u la to ry  s i t e  a ls o  in d ic a te  an in vo lve m e n t o f  cAMP. In je c t io n  o f 
m ic rom o la r q u a n t i t ie s  o f  t h is  substance in t o  HI 5 s e le c t iv e ly  
in h ib i te d  th e  5-HT response (Lemos and L e v ita n ,  1984). B iochem ica l 
s tu d ie s  on th e  R15 neurone have id e n t i f i e d  two phosphopro te ins  
w h ich  a re  in s e p a ra b le  from  the  5-HT response (Lemos, Novak-Hofer 
and L e v ita n ,  1985).
cyc lic -A M P  m ed ia ted  in c re a s e s  in  gK have been re p o r te d  in  
s n a i l  neurones (DePeyer, C a ch e lin , L e v ita n  and R eu te r, 1982; Ewald, 
W illia m s  and L e v ita n ,  1985 ). DePeyer _et. a l  (1982) found th a t
in te r n a l  p e r fu s io n  o f  v o lta g e  clamped neurones o f H e lix  r o s e n e r i  ^
w ith  th e  c a t a ly t ic  s u b u n it  o f cAMP-dependent p ro te in  k inase  caused 
an in c re a s e  i n  a Ca-dependent outw ard  c u r re n t  w h ich  c o n tr ib u te d  to  
th e  "N”  shape o f th e  c u r re n t- v o lta g e  cu rve . No e f fe c t  on th e  
in w a rd  c u r re n ts  was observed  and i t  was concluded th a t  p ro te in  
p h o s p h o ry la t io n  caused an in c re a s e  in  th e  Ca-dependent K c u r re n t.
A s in g le  channel s tudy  a ls o  le a d  to  th e  co n c lu s io n  th a t  
p ro te in  p h o s p h o ry la t io n  co u ld  in c re a s e  th e  open ing  o f Ca-dependent 
K channe ls  i n  H e l ix  neurones (Ewald, W ill ia m s  and L e v ita n , 1985). 
In  these  e xpe rim en ts , is o la te d  in s id e - o u t  membrane patches were 
p e rfu se d  w ith  the  c a ta ly t ic  s u b u n it ,  th u s  in d ic a t in g  (as w ith  the  
e xpe rim en ts  o f  S huste r ^  a l , 1985, d e s c r ib e d  e a r l ie r )  t h a t  th e  
s i t e  o f p h o s p h o ry la t io n  must be a t  o r v e ry  near the  K channel 
i t s e l f .  For a re v ie w  on p h o s p h o ry la t io n  o f  io n  channels see 
L e v ita n ,  1985.
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1 .8 .1 .5  ROLE OF cAMP IN THE 5-HT INDUCED Ca CURRENT OF APLYSIA RB 
NEURONES
The 5-HT induced  in c re a s e  in  a v o lta g e -dependent Ga c u rre n t 
s tu d ie d  by P e llm a r and C a rpen te r (1979;1980) can a ls o  be m im icked 
by in t r a c e l l u la r  in je c t io n  o f  cAMP (P e llm a r, 1981a). However, 
P e llm a r (1981b) found c e r ta in  in c o n s is te n c ie s  w ith  th e  the o ry  th a t  
cAMP was th e  p h y s io lo g ic a l m e d ia to r o f the  5-HT response in  these 
neurones. I n t r a c e l lu la r  in je c t io n  o f g u a n y ly l im ido d iphospha te  
(GMP-NP) which i s  re p o r te d  to  a c t iv a te  a d e n y la te  cyc la se  in  A p lv s ia  
(T re is tm a n  and L e v ita n , 1976 ), reduced the  5-HT response in s te a d  o f 
m im ick in g  o r enhancing i t  as would  be expected. Phosphod ieste rase  
in h ib i t o r s  m im icked th e  5-HT e f fe c t  by p ro d u c in g  an inw ard  
c u r re n t .  However, th e y  a ls o  a n tagon ised  th e  5-HT response even a t  
low  c o n c e n tra t io n s , w h ich  them selves f a i le d  to  produce an inw ard  
c u r re n t .  An a n ta g o n is t o f  a d e n y la te  cyc la se , d i th io b is n it r o b e n z o ic  
a c id  a ls o  f a i le d  to  a f f e c t  th e  5-HT response. I t  was th e re fo re  
concluded th a t ,  a lth o u g h  in t r a c e l l u la r  in je c t io n  o f  cAMP co u ld  
in c re a s e  the  same Ca c u r re n t  as 5-HT, the  response to  5-HT was n o t 
m ediated by cAMP (P e llm a r, 1981b).
1 .8 .1 .6  5-HT INDUCED SECRETION IN INSECT SALIVARY GLANDS
In te r e s t in g  r e s u l t s  have been found th rough  s tu d ie s  on th e  
in t r a c e l l u la r  messengers m e d ia tin g  5 -H T-induced s e c re t io n  frcan 
b lo w f ly  s a l iv a ry  g la n d s . 5-HT causes an in c re a se d  p ro d u c tio n  o f 
cAMP in  these  c e l ls .  However, th e  r o le  o f cAMP i s  n o t c e r ta in ,  but
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i t  i s  th o u g h t to  be in v o lv e d  in  m o b il is in g  Ca from  in t r a c e l l u la r  
s to re s . 5-HT a ls o  m ed iates th e  h y d ro ly s is  o f  th e  membrane l i p id s ,  
p h o s p h a tid y l in o s i t o ls ,  y ie ld in g  two in t r a c e l l u l a r  messengers, 
namely in o s ito lp h o s p h a te s  and d ia c y lg ly c e r o l (B e rr id g e , Dawson, 
Downes, Heslop and I r v in e ,  1983; B e r r id g e , 1983; 1986; B e rr id g e  and 
I r v in e ,  1984 ). N e u ro tra n s m it te r  m ed ia ted  h y d ro ly s is  o f 
p h o s p h a tid y l in o s i t o ls  have a ls o  been shown in  many o th e r t is s u e s  
by B e rr id g e  and co -w o rke rs . The w a te r s o lu b le  component o f t h i s  
h y d ro ly s is ,  in o s ito l t r is p h o s p h a te ,  can d i f fu s e  th rough  the  
cytop lasm  to  th e  endoplasm ic re t ic u lu m , from  where i t  re le a s e s  
s to re s  o f  Ca. I n o s i t o l  tr is p h o s p h a te  m ediated Ca re le a s e  from  
in t r a c e l l u la r  s to re s  has been shown by work on p e rm e a b ilis e d  c e l ls  
such as p e rm e a b ilis e d  insu lom a  c e l ls  (see re v ie w  by B e rr id g e , 
1984). The l i p i d  s o lu b le  component, d ia c y lg ly c e r o l rem ains w ith in  
th e  membrane, where, a lo ng  w ith  Ca, i t  a c t iv a te s  p ro te in  k in a se  C. 
The r o le  o f p ro te in  k in a se  C in  m e d ia tin g  s e c re t io n  frcan s a l iv a r y  
g land  c e l ls  i s  n o t e s ta b lis h e d , however th e  Ca m o b ilis e d  from  the  
endoplasm ic re t ic u lu m  by in o s i t o l  tr is p h o s p h a te  w i l l  enhance 
s e c re tio n .  P ro te in  k inase  C, a c t iv a te d  by p h o rb o l e s te rs  has been 
shown in  o th e r  systems to  m odu la te  io n ic  c u r re n ts  (DeRiemer, 
S tron g , A lb e r t ,  Greengard and Kaozmarek, 1985; Baraban, Snyder and 
A lg e r , 1985).
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1 .8 .2  MODULATION OF ACTIVITY OF APLYSIA BAG CELL NEURONES
The bag c e l l  neurones o f A n lv s ia  e x h ib i t  pronounced m o d u la tio n  
o f  t h e i r  a c t i v i t y  on b r ie f  s t im u la t io n  o f th e  p ieuroabdom inal 
c o n n e c tiv e s , o r exposure to  p e p tid e s  frcan the  re p ro d u c t iv e  t r a c t
(Kupfermann and K ande l, 1970; H e l le r ,  Kaczmarek, Hunkap i l l e r .  Hood
and S trum w asser, 1980). T h is  m o d u la tio n  in  those  o th e rw ise  
q u ie s c e n t c e l ls ,  take s  th e  form  o f an a f t e r d is charge o f 
r e p e t i t i v e ly  f i r e d  a c t io n  p o te n t ia ls  la s t in g  about 30 m inu tes . 
Evidence s t ro n g ly  suggests  a r o le  f o r  cAMP in  m e d ia tin g  t h is  
e f f e c t .  The occurrence  o f a f t e r d is charge i s  a s s o c ia te d  w ith  an
in c re a s e  in  th e  t o t a l  cAMP le v e ls  o f bag c e l l  somata  (Kaczmarek, 
Jenn ings and Strum wasser, 1978) and the  p h o s p h o ry la tio n  o f  a t  le a s t  
two p ro te in s  has been found to  be enhanced fo l lo w in g  onse t o f 
a f te rd is c h a rg e  (Je n n in g s , Kaczmarek, Hewick, D reyer and 
Strum wasser, 1982). A fte rd is c h a rg e  can be genera ted  by th e  
a p p l ic a t io n  o f  cAMP ana logues to  bag c e l ls  (Kaczmarek e t  a l .  1978), 
and m ic r o in je c t io n  o f  the  c a ta ly t ic  s u b u n it o f  cAMP-dependent 
p ro te in  k in a se  has been found to  enhance the  ra te  o f r is e  and 
h e ig h t  o f  th e  a c t io n  p o te n t ia l  (Kaczmarek, Jenn ings , Strum wasser, 
N a irn , W a lte r , W ilso n  and Greengard, 1980).
A n a ly s is  o f  th e  io n ic  c u rre n ts  m odulated by cAMP in  these
c e l ls  has e s ta b lis h e d  th a t  th e  inw a rd  c u r re n ts  a re  u n a ffe c te d , 
w h ile  th e  de layed  outw ard  K c u rre n ts  and th e  f a s t  t r a n s ie n t  K 
c u r re n t ,  I ^ ,  a re  depressed (Kaczmarek and Strum wasser, 1984). 
S tron g  (1984) s tu d ie d  th e  supp ress ion  o f  I ^  induced  by f o r s k o l in
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and phosphod ieste rase  in h ib i t o r s  and e s ta b lis h e d  th a t  these  
substances in c re a se d  th e  ra te  o f in a c t iv a t io n  o f  t h is  c u r re n t.  
T h is  e f fe c t  was s u f f ic ie n t  to  accoun t f o r  the  r e p e t i t i v e  f i r i n g  
d u r in g  a fte rd is c h a rg e , w h i ls t  th e  m o d u la tio n  o f  the  o th e r K 
c u r re n ts  cou ld  accoun t f o r  the  in c re a se d  d u ra t io n  and s iz e  o f th e  
a c t io n  p o te n t ia l .  A m o d u la tio n  o f has a ls o  been re p o r te d  i n  
type  B p h o to re ce p to r c e l ls  o f  th e  nud ib ranch  Hermissenda (A lko n , 
A c o s ta -U rq u id i, O lds, Kuzma and Neary, 1983).
In  A n lv s ia  bag c e l l  neurones, m o d u la tio n  o f  th e  Ca c u rre n t by 
a p ro te in  k inase  has a ls o  been shown. U n lik e  cAMP-dependent 
p ro te in  k inase  w hich  was found to  decrease K c u r re n ts  w ith o u t  
a f f e c t in g  inw ard  c u r re n ts  (Kaczmarek and S trum wasser, 1984), 
p ro te in  k inase  C has been found to  enhance th e  Ca c u r re n t  o f bag 
c e l ls  w ith o u t a f f e c t in g  th e  K c u r re n ts  (DeRiemer ^  al_, 1985). 
T h is  e f fe c t  was e l i c i t e d  e i th e r  by in je c t io n  o f  p r o te in  k inase  C o r  
by s t im u la t io n  o f  endogenous p ro te in  k in a se  C by a p p l ic a t io n  o f  a 
tum or p rom oting  pho rbo l e s te r .  However, th e  p h y s io lo g ic a l 
im portance  o f t h i s  e f f e c t  i s  n o t known.
1 .8 .3  MODULATION OF THE Na CURRENT BY cAMP
The Na c u rre n t o f m o lluscan  neurones i s  a ls o  s u s c e p t ib le  to  
m o d u la tio n  by in t r a c e l l u la r  messengers (A ld e n h o ff ,  H ofm eier, Lux 
and Sw andulla , 1983; Connor and H ockberger, 1983; S w andulla  and 
Lux, 1984; Kehoe, 1986). I n t r a c e l lu la r  in je c t io n  o f  cAMP caused an 
in c re a s e  in  th e  inw ard  Na c u rre n t w h ich  d is p la y e d  unusual 
vo ltage -dependency . The cAMP-induced c u r re n t  e i t h e r  decreased, o r
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rem ained c o n s ta n t as th e  c e l l  was h y p e rp o la r is e d . In  th e  H e lix
neurones s tu d ie d  by A ld e n h o ff _et a l  (1 9 8 3 ), i t  was la t e r
e s ta b lis h e d  th a t  cAMP s im u lta n e o u s ly  induced a decrease in  gK, thu s  
a c c o u n tin g  f o r  th e  la c k  o f  conductance change observed (Sw andu lla  
and Lux, 1984 ). A s y n a p t ic a l ly  a c t iv a te d  cAMP-induced Na dependent 
inw ard  c u r re n t  has been re p o r te d  in  A n lv s ia  neurones (Kehoe, 
1986).
1 .8 .4  INTRACELLULAR MEDIATION OF TRANSMITTER EFFECTS IN MAMMALIAN 
SYSTEMS
Mammalian nervous system s do no t p re sen t as id e a l p re p a ra tio n s  
f o r  th e  s tudy o f  i n t r a c e l l u la r  messenger m ed ia ted  e f fe c ts  as do 
m o llu sca n  nervous system s. The c r i t e r i a  suggested by Bloom (1975) 
f o r  th e  e s ta b lis h m e n t o f  a second messenger r o le  in c lu d e d  th e  
p ro d u c tio n  o f  messenger in  th e  p o s t^ n a p t ic  c e l l s .  In  Ap lv s ia  bag 
c e l l  neurones, in k  m otor neurones and th e  FI neurone o f the  s n a i l 
such changes in  cAMP le v e ls  have been e s ta b lis h e d  (Kaczmarek, 
Jenn ings and Strum wasser, 1978; O corr and B yrne , 1985; D e te rre  e t 
a l ,  1981) .  In  mammalian systems th e  d e te c t io n  o f  changes in  
i n t r a c e l l u l a r  messenger a t  th e  le v e l o f an id e n t i f i e d  neurone has 
n o t been p o s s ib le , bu t le v e ls  in  c e r ta in  a reas  o f  th e  b ra in  can be 
measured. U sing th e  h ippocam pal s l ic e  p re p a ra t io n ,  i t  has been 
p o s s ib le  to  dem onstra te  th a t  n o ra d re n a lin e  causes a th re e  to  fo u r  
f o ld  in c re a s e  i n  cAMP le v e ls  w hich i s  p ro b a b ly  a s s o c ia te d  w ith  
neu rona l t is s u e  and n o t g l ia  (S ega l, G reenberger and H o fs te in ,  
1981) .  N o ra d re n a lin e  b lo cks  accommodation in  h ippocam pal pyram ida l 
c e l ls  by re d u c in g  th e  la t e  a f te r h y p e rp o la r is a t io n  (M adison and
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N ic o l l ,  1982) .  T h is  e f f e c t  o f n o ra d re n a lin e  can be m im icked by th e  
8-bromo ana logue o f  cAMP. R e ce n tly , fu r th e r  ev idence  f o r  th e  r o le  
o f  cAMP i n  m e d ia tin g  t h i s  e f f e c t  has been re p o r te d  (M adison and 
N ic o l l ,  1986) .  A c t iv a t io n  o f  endogenous cAMP, by th e  in je c t io n  o f 
a s ta b le  G TP ana logue, o r a p p l ic a t io n  o f  f o r s k o l in ,  caused a 
re d u c t io n  o f  th e  a f te r h y p e r p o la r is a t io n  and accom m odation. 
A p p lic a t io n  o f  the  phosphod ies te rase  in h ib i t o r s ,  IB MX and 
Ro-20-1724 a ls o  decreased th e  a f te r h y p e r p o la r is a t io n  and 
p o te n t ia te d  th e  a c t io n  o f  n o ra d re n a lin e  on th e  
a f te r h y p e r p o la r is a t io n .  A d d i t io n a l ly ,  SQ22,536, a substance w h ich  
has been shown to  decrease cyc la se  a c t i v i t y  in  mammalian p la te le t s ,  
s l i g h t l y  in c re a se d  th e  s iz e  o f th e  a f te r h y p e r p o la r is a t io n s  and 
reduced th e  b lo c k in g  e f f e c t  o f  n o ra d re n a lin e  on th e  
a f te rh y p e r p o la r is a t io n  (M adison and N ic o l l ,  1986 ). These r e s u l t s  
in d ic a te  th e  p robab le  m e d ia t io n  o f  the  n o ra d re n a lin e  e f f e c t  on 
h ippocam pal neurones by cAMP.
Second messenger m e d ia tio n  o f  th e  m u s c a r in ic  a c t io n  on 
h ippocam pal pyram ida l neurones has been c o n s id e re d ,• b u t rem a ins 
undete rm ined  (Brown ^  a l . 1986), A b lo c k  o f  th e  Ca-dependent 
a f te r h y p e r p o la r is a t io n  as d iscussed  above can be produced by cAMP 
o r cGMP (M adison and N ic o l l ,  1982; 1986; Cole and N ic o l l ,  1984b),
thus  m im ick in g  th e  m u s c a r in ic  e f fe c t  as w e l l  as th a t  o f 
n o ra d re n a lin e . However, p r o te in  k in a se  C has a ls o  been re p o r te d  to  
b lo c k  th e  Ca-dependent a f te r h y p e r p o la r is a t io n  (B araban, Snyder and 
A lg e r ,  1985) ,  as w e l l  as in a c t iv a t in g  a Cl c u r re n t  (M ad ison, 
Malenka and N ic o l l ,  1986 ). The necessary e xpe rim en ts  to  d e te rm ine  
th e  mechanism o f t h is  m u s c a r in ic  e f f e c t  rem ain  to  be done.
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1.9  AIMS AND OBJECTIVES
Jfery o f  the  m o d u la to ry  a c tio n s  o f  5-HT desc ribe d  in  t h i s  
in t r o d u c t io n  have in v o lv e d  a decrease in  a K c u r re n t .  P rev ious 
e xp e rim e n ts  have in d ic a te d  th a t  the  5-HT response in  th e  Cl neurone 
o f  H e lix  a ls o  in v o lv e s  a decrease in  gK. The aim  o f  t h is  s tudy was 
to  re c o rd  s in g le  channel K c u r re n ts  frcan the  Cl neurone, u s in g  th e  
patch  clam p tech n iq ue  o f Ham i l l ,  et. â L  (1 9 8 1 ), and to  e s ta b lis h  the  
io n ic  n a tu re  o f th e  channe ls . % e  e f fe c t  o f 5-HT on these channels 
was in v e s t ig a te d  u s in g  th e  c e l l-a t ta c h e d  pa tch  c o n f ig u ra t io n ,  
w h i ls t  th e  Ca-de pendency o f th e  channels was examined us in g  
is o la te d  in s id e - o u t  pa tches  o f membrane. The c a lc iu m -de pendency o f 
th e  response to  5-HT was s tu d ie d  a t  a w ho le  c e l l  le v e l us in g  
v o lta g e  clamp te c h n iq u e s  and some in v e s t ig a t io n s  in t o  a p o s s ib le  
r o le  o f  cAMP in  i t s  m e d ia t io n  were made.
An a tte m p t was made to  s tudy th e  e f fe c t  o f  5-HT on s in g le  
channel c u r re n ts  re co rd e d  in  c e ll- a t ta c h e d  pa tches o f  the  A 
neurone. The A neurone e x h ib i t s  a v o lta g e -dependent response to  
5-HT, w h ich  appears s im i la r  to  th e  response observed in  th e  Cl 
neurone ( C o t t r e l l ,  1982b). I t  was th e re fo re  o f in te r e s t  to  
de te rm ine  i f  th e  same channe ls  were p resen t on th e  A neurone and Cl 
neurone, and i f  they  were e f fe c te d  by 5-HT in  th e  same manner.
CHAPTER 2
METHODS
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METHODS
2.1 PREPARATION
The expe rim en ts  d e sc rib e d  in  t h i s  th e s is  w ere  perfo rm ed on 
id e n t i f ie d  neurones in  th e  g a n g lia  o f th e  common garden  s n a i l  H e lix  
aspe rsa . Specimens o f  H. aspersa were c o l le c te d  l o c a l l y  and ke p t 
in  th e  la b o ra to ry  u n t i l  re q u ire d . Anim als w h ich  became in a c t iv e  
and h ib e rn a t in g  d u r in g  c a p t iv i t y  were re a c t iv a te d ,  by p la c in g  them 
in  a m o is t e n v iro n n e n t b e fo re  use in  an e xpe rim en t.
The id e n t i f ie d  neurones used in  t h i s  s tudy  were e i th e r  th e  Cl 
neurones o f th e  c e re b ra l g a n g lia  o r th e  A and M neurones o f th e  
bucca l g a n g lia .  F ig u re  1.1 shows d ia g ra m m a tic a lly  th e  arrangem ent 
o f th e  c e re b ra l and bucca l g a n g lia  and th e  neurones w i t h in  them. 
In  most expe rim en ts , th e  c e re b ra l g a n g lia  a lo n e  w ere re q u ire d . 
These were d is s e c te d  from  th e  anim al by f i r s t l y  c u t t in g  th e  head 
o f f  as shown by th e  l i n e  in  f ig u r e  2 .1  and p in n in g  i t  by th e  mouth 
to  a wax d is s e c t in g  d is h . The oesophagus and bucca l mass co u ld  
the n  be id e n t i f ie d  and p u l l in g  th e  bucca l mass w ith  a p a i r  o f 
fo rc e p s  re v e a le d  th e  circum oesophageal r in g  o f  g a n g lia .  The 
lo c a t io n  o f  th e  s y m m e tr ic a lly  p laced  c e re b ra l g a n g lia  above th e  
oesophagus i s  shown in  f ig u r e  2 .1 .  The e n t i r e  c i rcumoesophageal 
complex o f  g a n g lia  were d is s e c te d  from  th e  an im a l and t ra n s fe r re d  
to  th e  re c o rd in g  chamber f o r  fu r t h e r  d is s e c t io n  under a N ikon  
d is s e c t in g  m ic roscope . A f te r  rem oving th e  suboesophageal complex 
o f  g a n g lia ,  th e  c e re b ra l g a n g lia  were p inned , v e n t ra l s id e  
upperm ost, to  th e  S y lg a rd  base o f  the  re c o rd in g  chamber.
F ig u r e  2 .1
A, diagram showing th e  p o in t  a t  w h ich  th e  head o f  th e  
s n a il was c u t. T h is  p o in t  was c lo s e  to  th e  s h e l l ,  in  an 
a c t iv e  s n a il which had i t s  head s tre tc h e d  o u t.  B, d iagram  
i l l u s t r a t i n g  th e  p o s i t io n  o f  th e  circum oesophageal r in g  o f  
g a n g lia , p o s te r io r  to  th e  bucca l mass. The two 
s y m m e tr ic a lly  p o s it io n e d  c e re b ra l g a n g lia  l i e  on th e  
d o rs a l su rface  o f th e  oesophagus.
Acut
B c e r e b r a l  gangl ia
buccal mass 
circumoesophageal ring 
oesophagus
-  61 -
The g a n g lia  o f H e lix  a re  covered  w ith  two la y e rs  o f  connec tive  
t is s u e ,  o f  w h ich  the  ou te rm ost la y e r  i s  th ic k e r  and s o f te r  and 
co u ld  e a s i ly  be pee led away u s in g  two p a irs  o f fo rc e p s . T h is  l e f t  
th e  th in n e r ,  b u t toughe r in n e r  la y e r ,  th rough  w hich th e  c e l ls  cou ld  
be seen. For experim en ts  u s in g  v o lta g e  clamp te c h n iq u e s , t h is  
la y e r  was c a r e fu l ly  r ip p e d  c lo s e  to  th e  Cl neurone, w hich co u ld  
th e n  to  be im paled w ith  m ic ro e le c tro d e s . In  pa tch  clamp 
expe rim en ts  a 0.1 to  0.2% t r y p s in  s o lu t io n  (Sigma type  IX ) was 
re p la c e d  f o r  the  normal s o lu t io n  b e fo re  th e  f i n a l  c o n n e c tive  la y e r  
was r ip p e d . The c e l ls  were th e n  exposed to  t r y p s in  f o r  20-30 
m inu tes , a f t e r  w h ich  th e  t r y p s in  s o lu t io n  was washed ou t by about 
20ml o f b a th  s o lu t io n .  Exposure o f th e  c e l ls  to  th e  enzyme t r y p s in  
made th e  s u rfa c e  more s u ita b le  f o r  o b ta in in g  h i ^  re s is ta n c e  se a ls  
between th e  pa tch  p ip e t te s  and c e l l  membrane.
When bucca l g a n g lia  were used, th e  e n t ir e  bucca l mass was 
d is s e c te d  from  the  an im a l a lo n g  w ith  the  g a n g lia .  The buccal 
g a n g lia  a re  a tta c h e d  to  th e  s u rfa ce  o f th e  bucca l mass and were 
c a r e fu l ly  d is s e c te d  f r e e  u s in g  f in e  s c is s o rs  w h i ls t  v ie w in g  under 
th e  d is s e c t in g  m icrosope . As much o f the  bucca l mass as p o s s ib le  
was removed to  p re ven t movement o f th e  p re p a ra t io n  due to  
c o n t ra c t io n  o f  th e  bucca l m u scu la tu re . The rem a inde r o f th e  
d is s e c t io n  was s im i la r  to  th a t  d e sc r ib e d  f o r  the  Cl neurone.
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2 .2  RECORDING CHAMBER AND PERFUSION SYSTEM
The re c o rd in g  chambers used were e ith e r  a 1ml o r  2ml chamber, 
c u t ou t o f Perspex and w ith  a la y e r  o f S y lg a rd  ( ^ I g a r d  184 
s i l ic o n e  e la s to m e r, Dow C o rn in g ), th rough  w h ich  p in s  co u ld  be 
in s e r te d .  A diagram  o f th e  re c o rd in g  chamber i s  shown in  f ig u r e
2 .5 .  I l lu m in a t io n  o f  th e  re c o rd in g  chamber was ach ieved  by a 
tape red  g la s s  ro d , connected a t  i t s  t h ic k  end by a ru b b e r bung to  a 
d is s e c t in g  l i g h t .  The tape red  end o f  th e  g la s s  ro d  was p o s it io n e d  
i n  th e  s o lu t io n ,  c lo s e  to  th e  g a n g lia ,  to  p ro v id e  s u f f i c ie n t  l i g h t  
to  v is u a l is e  c le a r ly  th e  neurones.
In f lo w  and o u tf lo w  tubes to  th e  re c o rd in g  chamber a llo w e d  th e  
p re p a ra t io n  to  be p e rfu se d  (o r  th e  is o la te d  p a tc h , in  sane patch  
clamp e x p e rim e n ts ), A s ix -w a y  ta p  enab led th e  p e r fu s in g  s o lu t io n s  
to  be changed d u r in g  e xpe rim en ts . S ix  re s e rv o ir s  (50ml s y r in g e s )  
o f  d i f f e r e n t  s o lu t io n s  were connected, v ia  s m a lle r  s y r in g e s  and 
le n g th s  o f  tu b in g , to  th e  s ix -w ay  ta p . A diagram  o f  th e  p e r fu s io n  
system, i l l u s t r a t i n g  th e  mechanism o f th e  s ix -w ay  ta p , i s  shown in  
f ig u r e  2 .2 .  R o ta tin g  th e  movable p o r t io n  o f th e  tap  a llo w e d  f lo w  
from  a p a r t ic u la r  r e s e r v o ir  to  be s e le c te d . The h e ig h t  o f  th e  
re s e rv o ir s  above th e  re c o rd in g  chamber (0.4m ) p ro v id e d  th e  sm eill 
fo rc e  re q u ire d  f o r  th e  f lo w  o f s o lu t io n .  The ra te  o f f lo w  co u ld  be 
re g u la te d  by a d ju s t in g  a sm a ll clamp connected t o  th e  in f lo w  tube  
to  th e  b a th . The in f lo w  tube f r a n  th e  tap  to  th e  ba th  was k e p t as 
s h o r t  as p o s s ib le  to  m in im ise  th e  tim e  re q u ire d  f o r  th e  exchange o f 
s o lu t io n s .  The sm a ll s y r in g e s , in te rp o s e d  between th e  50ml
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re s e rv o ir s  and th e  ta p  made i t  p o s s ib le  to  check th a t  the  s o lu t io n  
was f lo w in g  f r e e ly  d u r in g  an expe rim en t, by m o n ito r in g  th e  d r ip s .
Waste s o lu t io n  was sucked o u t o f th e  chamber by the  o u tf lo w  
tub e , w hich was connected, v ia  two a s p ir a to r  f la s k s  to  an 
e le c t r i c a l  pump. The o u tf lo w  tube was p o s it io n e d  such th a t  a sm a ll 
amount o f s o lu t io n  a lw ays covered th e  g a n g lia .  In  some 
expe rim en ts , i t  was found  t o  be b e t te r  to  have th e  o u tf lo w  fro n  the  
re c o rd in g  chamber f lo w in g  by c a p i l la r y  a c t io n ,  t o  a second sm a ll 
chamber, from  w h ich  the  waste cou ld  be sucked. P a r t ic u la r ly  in  
patch  dam p e xpe rim en ts , f lo w  out o f th e  re c o rd in g  chamber by 
c a p i l la r y  a c t io n  was b e n e f ic ia l ,  as i t  c re a te d  le s s  f lu c tu a t io n  in  
th e  f l u i d  le v e l  and hence le s s  movement. The norm al bath  s o lu t io n  
used c o n s is te d  o f ,  80mM N a d , 5mM K d ,  7mM C a d ^ , 5mM MgCl^, w ith  
20mM Hepes b u f fe r  and made to  pH 7 .5  w ith  NaOH. S o lu t io n s  used in
is o la te d  p a tch  expe rim en ts  a re  l i s t e d  in  ta b le  2 .1 .  O ther
s o lu t io n s  used f o r  patch clamp and v o lta g e  clamp expe rim en ts  a re  
re fe r re d  to  in  th e  a p p ro p r ia te  s e c tio n s  o f th e  r e s u l t s .
2 .3  PATCH a  AMP MEIHODS
2 .3 .1  PATCH PIPETTES
There a re  s e v e ra l s tages in  th e  fa b r ic a t io n  o f  patch p ip e t te s  
f o r  o b ta in in g  h ig h  re s is ta n c e , Gigaohm, s e a ls  w ith  the  c e l l  
membrane. These s tages have been d esc ribe d  by Ham i l l  e t  a l  (1981) 
and in  more depth by C o r^  and S tevens (1 9 83 ). The method used
here  f o r  making pa tch  p ip e t te s  i s  desc ribe d  below .
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2 .3 .1 .1  PULLING PATCH PIPETTES
I n i t i a l l y ,  expe rim en ts  were c a r r ie d  o u t us in g  p ip e t te s  p u lle d  
from  soda g la s s  c a p i l la r y  tubes made f o r  m ic ro h a e m a to c rit purposes 
(Hawksley p la in  c a p i l la r y  tubes , c a t.  no. 1604). T h is  s o f t  g la s s  
has a lo w e r m e lt in g  p o in t  and i s  th e re fo re  e a s ie r  to  h ea t p o l is h .  
However, th e  o u te r d iam ete r o f t h i s  tu b in g  was ra th e r  in c o n s is te n t ,  
r e s u l t in g  in  p ieces  o f  tu b in g  w h ich  co u ld  n o t be g rip p e d  i n  th e  
chucks o f  the  e le c tro d e  p u l le r ,  and w h ich  re q u ire d  v a ry in g  h e a te r  
s e t t in g s  to  o b ta in  th e  d e s ire d  t i p  s iz e .  B o r o s i l ic a te  g la s s  
c a p i l la r ie s ,  s u p p lie d  by d a r k  E le c tr« n e d ic a l (GC 150T-15) and 
des igned f o r  e le c tro p h y  s io lo g i  c a l purposes, had a f a r  more
c o n s is te n t  d iam ete r and produced more r e l ia b le  patch  p ip e t te s .
A lthough  t h is  hard  g la s s  re q u ire s  h ig h e r tem pera tu res  to  p o l is h ,  i t
has b e t te r  no ise  c h a r a c te r is t ic s  f o r  e le c t r ic a l  re c o rd in g  (Corey 
and S tevens, 1983).
P ip e tte s  were p u lle d  in  two stages on a Campden moving c o i l  
m ic ro e le c tro d e  p u l le r ,  model 753 . An i n i t i a l  p u l l  o f  about 5.3mm 
was made a t  a h i ^  c o i l  tem pe ra tu re  s e t t in g .  T h is  i n i t i a l  p u l l  was 
ach ieve d  by p la c in g  a s to p  in  th e  way o f th e  moving clamp to
p re v e n t a com plete p u l l .  I t  re s u lte d  i n  a re d u c t io n  i n  th e  
th ic k n e s s  o f the  c e n tra l p o r t io n  o f th e  c a p i l la r y  tube to  about 
0.2mm. The g la s s  tube was the n  re ce n te re d  i n  th e  h e a tin g  c o i l  and 
th e  second, com plete p u l l  made w ith  a reduced h e a te r  s e t t in g .  The 
de lay  b e fo re  p u l l  and fo rc e  o f p u l l  were s e t to  a minimum on th e  
Campden e le c tro d e  p u l le r .
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There was a c o n s id e ra b le  day to  day v a r ia t io n  in  th e  
tem pera tu re  s e t t in g s  re q u ire d  to  ach ieve  th e  d e s ire d  s iz e  o f 
p ip e t te  t i p .  For t h i s  reason, i t  was found necessary to  employ the
"bubb le  t e s t "  d e sc rib e d  by Corey and S tevens (1 9 8 3 ), on a l l
p ip e t te s  p u lle d ,  to  o b ta in  an e s tim a te  o f t i p  s iz e .  For t h i s  te s t ,  
th e  p ip e t te  was connected to  a 10ml s y r in g e , v ia  a i r t i g h t  po ly thene  
tu b in g , and th e  t i p  o f  th e  p ip e t te  p laced i n  a s m a ll beaker o f 
c le a n  m ethano l. P ressure  was a p p lie d  to  th e  p ip e t te  by dep ress ing  
th e  p lu ng e r o f th e  s y rin g e  u n t i l  bubbles c o u ld  be ju s t  seen 
em erging from  th e  t i p .  The re a d in g  on th e  s y r in g e  a t  t h i s  p o in t
was taken  as a q u a l i t a t iv e  in d ic a t io n  o f th e  t i p  s iz e .  Readings o f 
5-6m l on th e  i^ r in g e  were cons ide re d  s u ita b le  f o r  pa tch  p ip e t te s .
In  la t e r  experim en ts  a N a ris h ig e  PP83 p u l le r ,  s p e c i f i c a l l y
designed f o r  m aking pa tch  p ip e t te s ,  was used. A lthough  t h is  p u l le r  
produced p ip e t te s  o f  a s l i g h t l y  lo n g e r ta p e r ,  i t  was more 
c o n s is te n t in  p u l l in g  p ip e t te s  o f th e  same t i p  s iz e .  No d if fe re n c e  
in  th e  a b i l i t y  to  o b ta in  pa tches w ith  e i th e r  type  o f p ip e t te  was 
n o tic e d .
2 .3 .1 .2  COATING PIPETTES WITH SYLGARD
C overing  th e  end o f  pa tch  p ip e t te s  down to  abou t 50jum from  th e  
t i p ,  w ith  a n on -co n d u c tin g  r e s in ,  has been re p o r te d  to  reduce th e  
no ise  c h a r a c te r is t ic s  o f  th e  p ip e t te s  (H a m ill _et a l ,  1981). 
S y lg a rd , s i l ic o n e  e la s to m e r, was used f o r  t h is  purpose . A m ix tu re  
o f 1 0 :1 , r e s in  to  c u r in g  a g e n t, by w e ig h t i s  recommended, bu t i t
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was found to  be s u ita b le  to  e s tim a te  these q u a n t i t ie s .  A sm sill 
drop o f  S y lg a rd  was spread a round th e  area o f th e  t i p  o f  th e  
e le c tro d e , w ith o u t to u c h in g  th e  a c tu a l t i p .  The S y lg a rd  co a t was 
cured by moving th e  p ip e t te  up and down in  th e  h e a tin g  c o i l  o f  a 
v e r t ic a l  e le c tro d e  p u l le r ,  on a low h e a te r s e t t in g ,  f o r  a few 
seconds.
2 .3 .1 .3  POLISHING
In  o rd e r to  o b ta in  s ta b le  Gigaohm s e a ls , i t  i s  necessary to
p o lis h  th e  t i p  o f  the  p ip e t te s .  Gigaohm se a ls  can be o b ta in ed  w ith
unp o lish ed  p ip e t te s ,  bu t these  a re  re p o r te d  to  be le s s  s ta b le  
(H a m ill e t  a l , 1981). The p rocess o f p o l is h in g  in v o lv e s  m e lt in g  th e  
t i p  o f  th e  e le c tro d e  s l i g h t l y  to  make th e  su rfa ce  sm oother, and 
burn o f f  any S y lg a rd  d e p o s its , w hich have c re p t to  th e  t i p .  
P o lis h in g  was c a r r ie d  o u t by m ounting  th e  p ip e t te  on a m icroscope 
s l id e  and v ie w in g  i t  under phase c o n tra s t  a t  X250 m a g n if ic a t io n .  
The h e a t f o r  p o l is h in g  was s u p p lie d  by a p i a t i  n u n - ir id iu m  w ire ,  
bent in t o  a "U" shape and connected to  a 6V, v a r ia b le  o u tp u t power 
su pp ly . A g la s s  bead was m e lted  o n to  th e  t i p  o f  th e  
p la t in u m - ir id iu m  w ire  to  p re ve n t m e ta l d e p o s its  e v a p o ra tin g  o n to  
th e  p ip e t te  t i p  d u r in g  p o l is h in g .  The p o l is h in g  a pp a ra tus  was h e ld  
in  a m a n ip u la to r , a tta c h e d  t o  an a d ju s ta b le  clamp, so th a t  i t  co u ld
be p o s it io n e d  in  v ie w , under th e  m icroscope. A j e t  o f a i r  was
d ire c te d  to  th e  p o in t  o f th e  p i a t i n  ta n - ir id iu m  w ir e  to  m in im ise  
f lu c tu a t io n s  in  th e  te m p e ra tu re  o f th e  w ire  due to  d r a f t s  o f  a i r .  
The p o l i j ^ in g  app a ra tu s  i s  i l l u s t r a t e d  in  f ig u r e  2 .3 ,  and an 
overhead v iew  o f th e  f i la m e n t  and p ip e t te  i s  shown i n  f ig u r e  2 .4 .
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The p ip e t te  was ke p t seme d is ta n c e  frcm  th e  w ire  w h ile  i t  
hea ted  up, as i t  expanded on h e a t in g . The p ip e t te  was th e n  moved 
c lo s e  to  th e  g lo w in g  w ire  u n t i l  th e  t i p  co u ld  be seen to  m e lt a 
l i t t l e .  A f te r  p o l is h in g  a "b u b b le  t e s t "  was perfo rm ed , and 
p ip e t te s  o f va lu e  3 -^m l on th e  a y rin g e  were co n s id e re d  s u f f i c i e n t l y  
p o lis h e d  and good f o r  p a tc h in g . To keep p ip e t te s  c le a n , t h ^  were 
s to re d  i n  P e t r i  d ish e s  u n t i l  re q u ire d ,  and w ere used w i t h in  one o r 
two days.
2 .3 .1 .4  FILLING PIPETTES
P ip e tte s  were a lw ays f i l l e d  w ith  f i l t e r e d  s o lu t io n s  to  p re ve n t 
p ie ce s  o f d e b r is  b lo c k in g  th e  p ip e t te s  o r a t ta c h in g  t o  th e  t i p  and 
th u s  im p a ir in g  th e  a b i l i t y  to  o b ta in  s e a ls . S o lu t io n s  were 
f i l t e r e d  w ith  m i l l ip o r e  f i l t e r s  o f  0 . 2 2 ^  pore  s iz e  ( M i l l ip o r e  
c a t.  no. GSWP02500). P ip e t te s  were f i r s t  f i l l e d  by h o ld in g  th e  
t i p  i n  a s m a ll beaker o f f i l t e r e d  s a lin e  and a p p ly in g  n e g a tiv e  
p re ssu re  to  th e  p ip e t te ,  u s in g  a s y r in g e , u n t i l  th e  t i p  was v is ib l y  
f i l l e d .  The rem a inde r o f th e  p ip e t te  was b a c k - f i l le d ,  u s in g  a 
s y r in g e  and hypoderm ic need le  o r t h in l y  tap e re d  p o ly th e n e  tu b in g . 
B ubbles caught i n  th e  t i p  were removed by f l i c k i n g  th e  p ip e t te  w ith  
th e  fo r e  f in g e r .
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2 .3 .2  ELECTROPHYSIOLOGICAL METHODS AND APPARATUS
Patch clamp re c o rd in g s  were made us ing  a L i s t  EPC5 patch  clamp 
a m p l i f ie r .  D u ring  e xpe rim en ts , c u rre n ts  were m o n ito re d  on a Gould 
( ty p e  220) o s c il lo s c o p e .  A IV  p u lse , s u p p lie d  t o  th e  X 10 .s tim u lu s  
in p u t  o f  the  a m p l i f ie r ,  from  a Ceptu s t im u la to r ,  co u ld  be used to  
measure e le c tro d e  re s is ta n c e  and determ ine Gigaohm sea l fo rm a tio n . 
Data was reco rded  on m agne tic  tape us ing  a Racal 4DS FM tape 
re c o rd e r .  In  most e xpe rim en ts  the  f i l t e r i n g  on th e  a m p l i f ie r  was
s e t a t  3KHz and data  was re co rd ed  a t  3 .75  in c h e s /s ,  wide band, on
th e  tape  re c o rd e r , g iv in g  a f i n a l  f i l t e r i n g  le v e l  o f  2.5KHz.
The bath  was grounded by an Ag/AgCl w ire  (made by d ip p in g  a Ag 
w ire  i n  m o lte n  A gC l), o r  an aga r b r id g e , connected  to  th e  ground 
in p u t  o f th e  a m p l i f ie r  headstage. The aga r b r id g e  was co n s tru c te d  
from  a g la s s  tu b e , w hich was f i l l e d  w ith  a 3% aga r s o lu t io n  in  1M 
KCl. One end o f  th e  aga r tube was p laced  i n  th e  bath s o lu t io n ,  
w h ile  th e  o th e r end was p la ced  in  a sm a ll c o n ta in e r  o f 1M KC l, in to  
w h ich  the  Ag/AgCl w ire  was a ls o  p laced (see f ig u r e  2 .5 ) .  The
ground in p u t  o f th e  headstage i s  a h i ^  q u a l i t y  s ig n a l ground. In  
some e xpe rim en ts  i n t r a c e l l u l a r  re c o rd in g s  o f th e  membrane p o te n t ia l 
were made w h i ls t  re c o rd in g  from  a c e l l- a t ta c h e d  pa tch . These
re c o rd in g s  were made u s in g  a DC N eurolog p r e a m p li f ie r  N1 102. The 
e le c tro d e s  f o r  in t r a c e l l u l a r  re co rd in g s  were th e  same as used f o r  
v o lta g e  c lam p ing  (see l a t e r ) .
F ig u r e  2 . 5
Diagram o f th e  re c o rd in g  chamber w ith  th e  aga r b rid g e
and m ic ro p e r fu s io n  chamber. The a ^ r  b r id g e  was used to
connect th e  re c o rd in g  chamber to  ground. The b rid g e  
c o n s is te d  o f  a 3% aga r s o lu t io n  in  1M K d  in  a g la s s  
tu b e . T h is  was p laced w ith  one end in  th e  b a th in g  
s o lu t io n  and th e  o th e r in  a c o n ta in e r  o f KCl, connected to  
th e  A g/A gcl w ire  as i l l u s t r a t e d .
The m ic ro p e r fu s io n  chamber was used to  p e rfuse
is o la te d  pa tches  o f  membrane. The patch  p ip e t te  was
t ra n s fe r r e d  in t o  t h i s  sm a ll chamber, w hich was p o s it io n e d  
j u s t  a t  th e  s u rfa c e  o f th e  bath s o lu t io n ,  to  m in im ise  
c o n ta m in a tio n  from  th e  bath  s o lu t io n ,  bu t a llo w  c o n ta c t 
w ith  th e  aga r b r id g e .
headstage
p ip e t te  holder
Ag/AgCI wire
agar bridge p ip e tte microperfusion
chamber
re c o rd in g  c h a m b e r
KCl
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2 .3 .3  ARRANGEMENT OF EQUIPMENT
A l l  o f  the  equipraent used around th e  re c o rd in g  chamber was s e t 
on a s te e l base p la te  and e n c lose d  i n  a copper Faraday cage. P ieces 
o f  equipment w h ich  co u ld  a c t  as an a e r ia l  f o r  e le c t r ic a l  n o is e , 
such as th e  m icroscope and m a n ip u la to rs , were connected to  a common 
ground, a lo ng  w ith  the  b a s e p la te  and Faraday cage. The ground used 
was th e  h i ^  q u a l i t y  s ig n a l ground o f  th e  patch a m p l i f ie r .  T h is  
s h ie ld e d  th e  headstage o f th e  a m p l i f ie r ,  p re v e n tin g  th e  p ic k -u p  o f  
e le c t r ic a l  n o ise . D u ring  re c o rd in g , f u r th e r  s h ie ld in g  from  no ise  
was o b ta in e d  by b r in g in g  th e  f r o n t  o f  th e  Faraday cage down. The 
arrangem ent o f th e  equipm ent on th e  b a se p la te  i s  shown in  f ig u r e
2 .6 .  The b a se p la te  re s te d  on a v ib r a t io n  is o la t io n  ta b le  
(W entworth la b o r a to r ie s ) .  H igh p re ssu re  a i r  frcm  an a i r  c y l in d e r  
was used to  f i l l  th e  fo u r  p o cke ts  a t  each co rn e r o f th e  ta b le ,  and 
so f l o a t  th e  base p la te  on cu sh ion s  o f  a i r .  The ta b le  was f i l l e d  t o  
a p re ssu re  o f 1 .4 b a r. The f lo a t in g  o f  th e  b a se p la te  on cush ions  o f  
a i r  m in im ised  v ib r a t io n s  t ra n s m it te d  th rough  th e  f l o o r .  The 
e le c t r o n ic  equipment was mounted on a ra c k  to  th e  s ide  o f th e  
cage.
2 .3 .4  FORMATION OF A CELL-ATTACHED PATCH
F i l le d  patch  p ip e t te s  w ere p laced  on th e  Ag/AgCl w ire  o f th e  
a m p l i f ie r  headstage, and h e ld  by an a i r t i g h t  p ip e t te  h o ld e r ,  
th rough  w h ich , p o s i t iv e  and n e g a tiv e  p ressu re  c o u ld  be a p p lie d  by 
mouth, v ia  a le n g th  o f tu b in g . W ith  the  p ip e t te  in  th e  bath
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s o lu t io n ,  the  re s is ta n c e  co u ld  be measured ty  pass ing  a IV  pu lse  
frcm  the  s t im u la to r  in t o  th e  X I0 s t im u lu s  in p u t o f  th e  a m p l i f ie r ,  
and m easuring th e  r e s u lta n t  c u rre n t d e f le c t io n .  P ip e tte  
re s is ta n c e s  were about 2 to  6MJi. P ip e tte s  w ith  a re s is ta n c e  much 
h ig h e r than  t h is  were p ro ba b ly  b locked  and were d isca rd e d .
To form  c e ll-a t ta c h e d  pa tches, th e  p ip e t te  was c a r e fu l ly  
advanced down to  th e  su rfa ce  o f th e  c e l l ,  u s in g  a P r io r  
m ic r (m a n ip u la to r , w h ile  obse rv in g  th e  c u rre n t pu lse  on th e  
o s c il lo s c o p e . When th e  p ip e t te  touched th e  c e l l  th e  s iz e  o f th e  
c u rre n t pulse reduced. I f  g e n t le  s u c tio n  was a p p lie d  a t  t h is  
p o in t ,  a seal o f  h igh  re s is ta n c e  (> IOGjî) co u ld  be form ed between 
th e  patch  p ip e t te  and c e l l  membrane.
A f te r  fo rm a tio n  o f a c e l l- a t ta c h e d  pa tch , 5-HT (s e ro to n in
c re a t in in e  su lp h a te . Sigma) co u ld  be a p p lie d  to  th e  c e l l  by
m ic ro p e rfu s io n  frcm  a le a k y  p ip e t te  w ith  a t i p  o f  a p p ro x im a te ly  10 
to  2 0 ^  in  d ia m e te r. The m ic ro p e rfu s io n  p ip e t te  was f i l l e d  w ith  
10 o r 10 5-HT in  s a lin e  and low ered  in t o  th e  s o lu t io n  near 
th e  c e l l ,  u s in g  a P r io r  m ic ro m a n ip u la to r. T es ts  w ith  Fast Green 
dye showed th a t  t h is  method was s u f f ic ie n t  to  ba the  th e  c e l ls  in  a 
te s t  s o lu t io n  o f drug.
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2 .3 .5  ISOLATED PATCHES
Is o la te d  membrane patches co u ld  be form ed as d esc rib e d  by 
H a m ill e t a l  (1 9 8 1 ). In s id e -o u t  pa tches were o b ta in e d  by moving 
th e  p ip e t te  away frcm  th e  c e l l  once a c e l l- a t ta c h e d  patch  had 
form ed. The b in d in g  o f  th e  c e l l  membrane to  th e  g la s s  o f  th e  patch 
p ip e t te ,  c re a t in g  th e  h i ^  re s is ta n c e  s e a l,  means th a t  th e  patch  o f 
membrane ra n a in s  a tta c h e d  t o  th e  g la s s  when removed frcm  th e  c e l l .  
Form ation  o f  in s id e -o u t  pa tches was perfo rm ed  i n  n o m in a lly  ze ro  Ca 
s o lu t io n ,  s in ce  in  th e  presence o f Ca^^ io n s ,  th e  membrane tended 
to  re s e a l to  fo rm  a v e s ic le .  However, i f  a v e s ic le  d id  fo rm , i t  
cou ld  be d is ru p te d  by b r in g in g  th e  patch  p ip e t te  out to  th e  a i r  
f o r  a second.
Is o la te d  o u t s ide -o u t membrane patches were form ed by a p p ly in g  
s u c tio n  a f t e r  the  fo rm a tio n  o f  a c e l l - a t ta c h e d  p a tc h . T h is  caused 
th e  membrane under th e  patch  to  d is r u p t ,  g iv in g  access to  th e  
i n t e r io r  o f  the  c e l l .  W ith  th e  c o r re c t  s o lu t io n s  i n  th e  patch 
p ip e t te  ( h i ^  K and low  Ca) and norm al e x t r a c e l lu la r  s o lu t io n  in  
th e  b a th , ra n o v in g  th e  pa tch  p ip e t te  u s u a lly  r e s u lte d  in  th e  
fo rm a tio n  o f  an is o la te d  o u ts id e -o u t pa tch  o f  membrane. A diagram 
i l l u s t r a t i n g  th e  fo rm a tio n  o f  th e  d i f f e r e n t  c o n f ig u ra t io n s  o f 
membrane patches i s  shown in  f ig u r e  2 .7 .
F ig u r e  2 . 7
An i l l u s t r a t i o n  o f  th e  d i f f e r e n t  c o n f ig u ra t io n s  o f 
the  p a tch -d a m p  techn ique  ( a f t e r  Ham i l l  e t  a l ,  1 981 ). A, 
fo rm a tio n  o f a low  re s is ta n c e  sea l (abou t 50MjJ between 
th e  p ip e t te  and c e l l  membrane by th e  advancement o f  th e  
p ip e t te  on to  th e  c e l l .  B, fo rm a tio n  o f  a h ig h  re s is ta n c e  
sea l (> lOGji) by a p p ly in g  g e n t le  s u c t io n  to  th e  p ip e t te .  
T h is  re p re s e n ts  th e  c e l l-a t ta c h e d  c o n f ig u ra t io n .  C, 
s tro n g  s u c t io n  d is ru p ts  th e  membrane under th e  p ip e t te .  
D, subsequent p u l l in g  o f  th e  p ip e t te  from  th e  c e l l  causes 
a p o r t io n  o f membrane to  rem ain  a tta c h e d  to  th e  p ip e t te .  
T h is  re s e a ls  to  form  an o u ts id e -o u t p a tch . E and F, a f t e r  
fo rm a tio n  o f a c e l l-a t ta c h e d  p a tch , p u l l in g  away th e  
p ip e t te  may r e s u l t  i n  th e  fo rm a tio n  o f  an in s id e - o u t  pa tch  
(F ) when th e  p re p a ra tio n  i s  bathed i n  a low  Ca s o lu t io n .
p ip e t te
cell low r e s is ta n c e  seal
gentle
suction
c e l l - a t ta c h e d  patch
strong
s u c t io n / pull
C F
pull pull low Ca'
DV
o u ts id e -o u t in s id e -o u t
patch patch
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2 .3 .6  PERFUSING ISOLATED PATCHES
U sing  th e  s ix -w ay  ta p  d esc ribe d  p re v io u s ly ,  is o la te d  patches 
o f  membrane co u ld  be pe rfused  w ith  d i f f e r e n t  s o lu t io n s .  A 
m ic ro p e r fu s io n  chamber was connected to  th e  in f lo w  o f  th e  b a th . 
T h is  chamber was c o n s tru c te d  from  a g la s s  c a p i l la r y  tub e , th e  end 
o f  w h ich  was sea led  6y m e lt in g  in  a Bunsen f la m e . A ir  from  a 
s y r in g e  was blown t h r o u ^  th e  m o lte n  t i p  to  c re a te  a b u lb  shaped 
chamber o f  2mm in  d iam ete r (see f ig u r e  2 .5 ) .  T h is  m ic ro p e r fu s io n  
chamber was s im i la r  to ,  bu t la r g e r  than , th a t  d e s c r ib e d  by B a r r e t t ,  
l^ g le b y  and P a l lo t ta  (1 9 8 2 ). The patch p ip e t te ,  c o n ta in in g  th e  
is o la te d  pa tch  o f membrane, co u ld  be p o s it io n e d  i n  t h i s  chamber, to  
f a c i l i t a t e  th e  ra p id  exchange o f s o lu t io n  a t  t h i s  s i t e .  W h ile  
p e r fu s in g  is o la te d  p a tches , th e  m ic ro p e rfu s io n  chamber was k e p t 
near to  th e  to p  o f th e  ba th  s o lu t io n  to  m in im ise  c o n ta m in a tio n  from  
th e  b a th . S o lu t io n s  used i n  is o la te d  patch e xpe rim en ts  a re  l i s t e d  
i n  ta b le  2 .1 .
2 .3 .7  DATA ANALYSIS
S in g le  channel c u rre n t re c o rd s  were s to re d  on m agne tic  tape  
f o r  l a t e r  a n a ly s is .  Recordings were p layed back o n to  a N ic o le t  
3091 d i g i t a l  o s c il lo s c o p e , on w h ich  channel a m p litu d e s  cou ld  be 
measured by eye, u s in g  th e  movable cu rso rs  o f  th e  o s c il lo s c o p e . 
Automated measurements o f  channel a m p litu d e s  were a ls o  perfo rm ed, 
u s in g  an a m p litud e  program w r i t t e n  f o r  th e  BBC model B 
m ic rocom pu te r, and u t i l i s i n g  a U n ila b  8 - b i t  in te r fa c e  to  c o n v e rt
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analogue s ig n a ls  to  d i g i t a l  ( C o t t r e l l ,  D u ff,  Dunbar and Green, 
1985) .  T h is  program o p e ra te d  by th e  s e t t in g  o f  a b a s e lin e  a t  the  
le v e l  o f  th e  c lo se d  channel and a th re s h o ld  le v e l  ju s t  above th e  
b a s e lin e  n o is e . A le n g th  th re s h o ld  co u ld  a ls o  be s e t to  a v o id  
problem s w ith  b r ie f  e ven ts  w h ich  have been a tte n u a te d  ty  the  
f i l t e r i n g  o f  the  re c o rd in g  system . The le n g th  th re s h o ld  i n  th e  
expe rim en ts  d esc rib e d  h e re  was u s u a lly  2ms. The program compared 
th e  means o f  fo u r  c o n s e c u tiv e  data p o in ts  w ith  a p re v io u s ly  
c a lc u la te d  mean to  d e te c t a change in  a m p litu d e  le v e l .  I f  th e  
s ig n a l co n tin u e d  a t  a new le v e l  f o r  lo n g e r  than  th e  le n g th  
th re s h o ld , i t  was c o n s id e re d  a new a m p litu d e . A m p litude  h is to g ra m s  
were c o n s tru c te d  and a c a l ib r a t io n  g r id  added. A p r in t - o u t  o f th e  
h is to g ra m  was o b ta in e d  on an Epson MX 80 p r in t e r .
The measurements o f  open and c lo se d  tim e s  o f  s in g le  channel 
c u r re n ts  a ls o  u t i l i s e d  a program f o r  the  BBC m ic rocom pu te r, coup led  
to  a U n ila b  in te r fa c e  ( C o t t r e l l ,  D u ff and Lam bert, 1983). T h is  
program se t c u rs o rs  a t  th e  base and peak le v e ls ,  as w e l l  as lo w e r 
and upper w indows, w h ich  were n o rm a lly  spaced a t  40^ and 60% o f  th e  
d is ta n c e  between th e  base and peak le v e ls .  E ven ts  w h ich  crossed , 
f i r s t  th e  lo w e r, th e n  upper w indows were co n s id e re d  to  be openings 
and s im i la r ly ,  even ts  c ro s s in g  th e  upper, th e n  lo w e r windows were 
co ns ide re d  to  be c lo s in g s .  Thus th e  d u ra t io n s  o f  tim e s  spent in  
th e  open and c lo se d  s ta te s  c o u ld  be measured. The raw data  o f open 
and c lo se d  tim e s  were s to re d  on f lo p p y  d is c  and a p r in t - o u t  o f  th e  
t o t a l  and mean open and c lo s e d  tim e s  was g iv e n .
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V alues o f  open and c lo se d  t im e s , s to re d  on f lo p p y  d is c ,  co u ld  
be t ra n s fe r re d  to  a Vax VMS com puter on w h ich  s t a t i s t i c a l  a n a ly s is ,  
u s in g  th e  "G e n s ta t"  package, enab led e x p o n e n tia l d is t r ib u t io n s  to  
be f i t t e d  to  th e  open and c lo s e d  tim e s . T h is  s t a t i s t i c a l  a n a ly s is  
was perfo rm ed on re co rd s  presumed to  c o n ta in  o n ly  one channel - ( th a t  
i s  re c o rd s  in  w h ich  openings to  a second le v e l were n o t obse rved ). 
"G e n s ta t"  programs ( w r i t t e n  by D. S in c la i r  and J .  Newton, Dept, 
o f  S t a t is t ic s ,  U n iv e rs ity  o f  S t. Andrews), used th e  method o f 
maximum l ik e l ih o o d  to  f i t  e x p o n e n tia l d is t r ib u t io n s  to  frequency  
d is t r ib u t io n  h is to g ra m s  o f  open and c losed  t im e s ,
2 .4  VOLTAGE CLAMP METHODS
2 .4 .1  RECORDING ELECTRODES
E le c tro d e s  f o r  i n t r a c e l l u l a r  re c o rd in g  w ere  made from  
f i la m e n te d  c a p i l la r y  g la s s  (C la rk  E le c trcxn e d ica l In s tru m e n ts  c a t. 
no. GC 150 -T F -15 ), and w ere p u l le d  on a home made v e r t ic a l  
e le c tro d e  p u l le r .  E le c tro d e s  were f i l l e d  w ith  2M K a c e ta te  o r 1M 
KCl and were p u lle d  to  have a re s is ta n c e  o f 1 to  3MXI when f i l l e d  
w ith  these  s o lu t io n s .  The presence o f the  f i la m e n t  w i t h in  th e  
g la s s  f a c i l i t a t e d  f i l l i n g  o f  the  s o lu t io n  to  th e  t i p  o f th e  
e le c tro d e , by c a p i l la r y  a c t io n .  The rem ainder o f  th e  e le c tro d e  was 
f i l l e d  u s in g  a sy rin g e  and lo n g  hypoderm ic need le  o r  t h in l y  tape red  
p o ly th e n e  tu b in g .
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2 .4 .2  SINGLE ELECTRODE VOLTAGE CLAMP
V o lta g e  clamp re c o rd in g s , no t re q u ir in g  a h ig h  frequency 
response, o r the  passage o f la rg e  c u r re n ts  (> 30nA), were perform ed 
u s in g  a Dagan 8100 s in g le  e le c tro d e  v o lta g e  clamp system . The 
Dagan 8100, in  th e  sw itched  clamp mode, ope ra tes  by a techn ique  
s im i la r  to  th a t  d esc ribe d  by W ilson  and G o ldne r (1 9 7 5 ). T h is  
system p e rm its  c u rre n t pass ing  and v o lta g e  sens ing  w ith  th e  same 
e le c tro d e , w h i ls t  overcom ing th e  problems o f  changes in  e le c tro d e  
re s is ta n c e  and n o n - l in e a r i t y  o f  e le c tro d e  re s is ta n c e . I t  ach ieves 
t h is  by u t i l i s i n g  an e le c t r o n ic  s w itc h , to  s w itc h  a t  h i ^  
fre q u e n c ie s  from  c u r re n t pass ing  to  v o lta g e  sens ing  modes. The 
frequency  o f s w itc h in g  in  experim en ts  d e sc rib e d  h e re  was 3KHz and 
th e  du ty  c y c le  was 50%, meaning th a t  h a l f  o f th e  tim e  was spent in  
each mode. The g a in  o f  th e  feedback a m p l i f ie r  f o r  v o lta g e  clam ping 
was s e t as near to  maximum as p o s s ib le , w ith o u t caus ing  th e  system 
to  o s c i l la t e .  Lower re s is ta n c e  e le c tro d e s  enab led th e  g a in  to  be 
s e t near to  th e  maximum.
The re c o rd in g  chamber was grounded by a Ag/AgCl w ire  (o r  
in d i r e c t l y  by an aga r b r id g e ) to  th e  v i r t u a l  ground o f  th e  Dagan 
probe (a h ig h  in p u t impedance a m p l i f ie r ) ,  2M K a c e ta te  e le c tro d e s  
were connected, v ia  a Ag/AgCl w ire  to  th e  in p u t  o f th e  probe, and 
s h ie ld e d  by a m eta l s p r in g  connected to  th e  d r iv e n  s h ie ld  o f the  
probe.
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R ecord ings o f  c u r re n t and v o lta g e  were m o n ito re d  on a
T e k tro n ix  502A o r 561A o s c il lo s c o p e  and permanent re c o rd s  made on a
h i ^  q u a l i t y  brush c h a r t  re c o rd e r  (Gould 220 s e r ie s ) .  The c u rre n t
in p u t  t o  th e  c h a r t  re c o rd e r f i r s t  passed th rou g h  a low  pass f i l t e r ,
—7c o n s is t in g  o f  a 16OKA, r e s is t o r  in  s e r ie s  w ith  a 10”  F c a p a c ito r ,  
p ro d u c in g  f i l t e r i n g  a t  10Hz. T h is  reduced th e  h ig h  frequency  
n o is e , bu t d id  n o t a f f e c t  th e  slow  responses s tu d ie d .
2 .4 .3  lONOPHORESIS
Io n o p h o re t ic  a p p l ic a t io n  o f  5-HT and in t r a c e l l u la r  
io n o p h o re s is  were perfo rm ed u s in g  a WPI m ic ro io n to p h o re s is  
programmer (model 160 ). Io n o p h o re t ic  e le c tro d e s  were p u lle d  to  th e  
same s iz e  as K a c e ta te  re c o rd in g  e le c tro d e s . 5-HT io n o p h o re t ic  
e le c tro d e s  were f i l l e d  w ith  a s o lu t io n  o f  lOmg/ml 5-HT in  d i s t i l l e d  
w a te r .  The re fe re n c e  e le c tro d e  f o r  io n o p h o re s is  was u s u a lly  a 
Ag/AgCl w ire  in  th e  bath  o r a K a c e ta te  e le c tro d e  p o s it io n e d  a 
sm a ll d is ta n c e  from  th e  io n o p h o re t ic  e le c tro d e . To a p p ly  5-HT, 
e je c t io n  c u r re n ts  o f 20 to  40nA, f o r  a d u ra t io n  o f  4s, were 
a p p lie d .  A r e ta in  c u rre n t o f lOnA was used.
I n t r a c e l lu la r  io n o p h o re s is  o f  Ca, EGTA o r  cAMP was perform ed 
from  p ip e t te s  c o n ta in in g  e i t h e r  0.5M CaClg in  d i s t i l l e d  w a te r , 0.5M 
EGTA, d is s o lv e d  in  1M KOH to  pH 7 .0  o r 0.1M cAMP d is s o lv e d  i n  0.1M 
KOH, to  pH 7 .0 .  Io n o p h o re s is  in t o  c e l ls  was e i t h e r  frcm  doub led 
b a r r e l le d  e le c tro d e s  (w ith  bo th  b a r re ls  c o n ta in in g  th e  same 
s o lu t io n  in  o rd e r to  m in im ise  any pH e f fe c ts  frcan th e  in je c t io n  o f
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oh”  o r  H^ io n s )  o r frcm  a s in g le  e le c tro d e , w ith  th e  c e l l  h e ld  
under v o lta g e  clamp c o n d it io n s .  The e je c t io n  c u rre n ts  and 
d u ra t io n s  s h a l l  be d esc ribed  i n  th e  r e s u l t s  s e c tio n  f o r  in d iv id u a l 
expe rim en ts .
2 .3 .5  DOUBLE ELECTRODE VOLTAGE CLAMP
E xperim ents in v o lv in g  s te p p in g  Vm frcm  -50mV to  p o te n t ia ls  up 
t o  +17OmV were perform ed u s in g  a home-made f a s t  m ic ro e le c tro d e  
v o lta g e  clamp a m p l i f ie r  (based on th e  design o f  Lee, Aka ik e  and 
Brown, 1980). T h is  system co u ld  o pe ra te  as e i t h e r  a s in g le  o r 
doub le  e le c tro d e  clamp. I t  was used in  th e  doub le  e le c tro d e  mode 
i n  these  expe rim en ts , to  m in im ise  s e r ie s  re s is ta n c e  problem s 
encounte red  w ith  s in g le  m ic ro e le c tro d e  systems. The re c o rd in g  and 
c u r re n t  pass ing  e le c tro d e s  were both  f i l l e d  w ith  1M KC l. I t  was 
im p o rta n t to  keep th e  re s is ta n c e  o f the  c u rre n t pass ing  e le c tro d e  
as sm a ll as p o s s ib le  (u s u a lly  42Mn), in  o rd e r to  be a b le  to  pass 
s u f f i c ie n t  c u rre n t to  clamp the  c e l ls  to  th e  v e ry  p o s i t iv e  
p o te n t ia ls  re q u ire d  h e re . The bath  was grounded to  th e  ground 
in p u t  o f th e  a m p l i f ie r  v ia  an aga r b r id g e . A f te r  im p a lin g  th e  
c e l l ,  and chang ing th e  a m p l i f ie r  to  th e  v o lta g e  clamp mode, th e  
v a r ia b le  g a in  o f the  a m p l i f ie r  was in c re a se d  as h ig h  as p o s s ib le , 
w ith o u t caus ing  th e  system to  o s c i l la t e .
A lthough a double e le c tro d e  v o lta g e  clamp was used, s e r ie s  
re s is ta n c e  a c ro ss  th e  bath  and agar b r id g e  may induce  e r ro rs ,  s ince  
th e  c u rre n ts  passed were ve ry  la rg e  (up to  SjaA). The re s is ta n c e  o f 
th e  aga r b r id g e  was c a lc u la te d  to  be 2Kji. W ith  a c u r re n t  o f 5fiA,
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t h is  w ou ld  produce a 10 mV e r ro r  in  th e  v o lta g e  clam p. To m in im ise  
t h is  e r r o r ,  a s e r ie s  re s is ta n c e  com pensation c i r c u i t  was in c lu d e d  
in  th e  a m p l i f ie r .  In c re a s in g  th e  s e r ie s  re s is ta n c e  com pensation to  
ju s t  below the  p o in t  o f o s c i l la t io n  shou ld  m in im ise  th e  e r ro r s  in  
th e  v o lta g e  re c o rd in g  (W. S tevens, pe rsona l com m un ica tion ).
A T e k tro n ix  type  162 waveform g e n e ra to r and typ e  161 p u ls e  
g e n e ra to r were used to  supp ly  a 20V pu lse  to  th e  a m p l i f ie r .  The 
s tim u lu s  a t te n u a t io n  c o n tro l o f  th e  a m p l i f ie r  c o u ld  th e n  be used to  
re g u la te  th e  a m p litu d e  o f the  v o lta g e  s te p . S teps o f  100ms 
d u ra t io n  were a p p lie d  w ith  a 15s in t e r v a l  between s te p s . C u rre n ts , 
d ig i t is e d  by a Sony d ig i t a l  aud io  p rocesso r (PCM-701 ES), were 
reco rded  on a JVC VHS v id e o  re c o rd e r and m o n ito re d  on a T e k tro n ix  
dua l beam s to rag e  o s c il lo s c o p e . Measurements o f  c u r re n ts  were made 
on a N ic o le t  d ig i t a l  o s c il lo s c o p e , u t i l i s i n g  th e  movable c u rs o rs . 
Hard co p ies  o f  s e le c te d  tra c e s  were made by ta k in g  pho tog raphs frc m  
the  o s c illo s c o p e  screen, u s in g  a P o la ro id  camera.
CHAPTER 3
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RESULTS
The r e s u l t s  d e sc r ib e d  i n  t h i s  th e s is  a re  from  a v o lta g e  clamp and 
pa tch  clamp s tudy  o f th e  5-HT response in  th e  Cl neurone o f H e lix  
a sp e rsa . The patch  clamp tech n iq ue  enab led an in v e s t ig a t io n  o f the  
a c t i v i t y  o f  K channe ls  p re se n t i n  th e  Cl neurone, and th e  m o d u la tio n  o f 
these  channe ls  by 5-HT. V o lta g e  clamp te c h n iq u e s  were used to  
in v e s t ig a te  th e  Ca-de pendency o f th e  response and th e  p o s s ib le  r o le  o f 
cAMP as an i n t r a c e l l u l a r  m essenger. The ease w ith  w h ich  the  Cl neurone 
co u ld  be c le a n ly  exposed and id e n t i f ie d  made i t  a s u ita b le  p re p a ra tio n  
f o r  such a s tu d y . The p o s s ib le  p h y s io lo g ic a l re le va n ce  o f t h i s  5-HT 
response , i n  a known 5-HT c o n ta in in g  neurone, made i t s  in v e s t ig a t io n  o f 
added in t e r e s t .  The s y m m e tr ic a lly  lo c a te d  Cl neurones have been shown 
to  make s y n a p tic  c o n n e c tio n s  w ith  each o th e r .  S t im u la t io n  o f one Cl 
neurone in d u ce s  an in w a rd  c u r re n t  i n  th e  c o n t r a la te r a l  Cl neurone when 
i t  i s  vo lta g e -c la m p e d  to  a d e p o la ris e d  p o te n t ia l .  T h is  a c t io n  i s  
p ro b a b ly  due to  th e  re le a s e  o f 5-HT frcm  th e  Cl neurone ( C o t t r e l l ,  
u n p u b lish e d  o b s e rv a t io n s ) .
3 .1  THE VOLTAGE-DEPENDENT 5-HT RESPONSE OF THE Cl NEURONE
When th e  Cl neurone was h e ld  under v o lta g e  clamp c o n d it io n s , 
io n o p h o re t ic  a p p l ic a t io n  o f  5-HT induced  an in w a rd  c u rre n t response 
w h ich  showed marked v o lta g e  s e n s i t i v i t y .  F ig u re  3.1 shows th e  
r e la t io n s h ip  between response a m p litu d e  and h o ld in g  p o te n t ia l reco rded  
frc m  a Cl neurone u s in g  a s in g le  e le c tro d e  v o lta g e  clamp te ch n iq u e . 
F ig u re  3 .1 ,B  i s  an example o f an in w a rd  c u r re n t  response to
F ig u r e  3 .1
The in w a rd  c u r re n t response to  5-HT in  a 
vo lta g e -c la m p e d  Cl neurone. A, r e la t io n s h ip  between 
response a m p litu d e  and h o ld in g  p o te n t ia l .  B, an example 
o f  an in w a rd  c u rre n t response to  io n o p h o re t ic a l ly  a p p lie d  
5-HT (▼ ) in  a Cl neurone a t  a h o ld in g  p o te n t ia l  o f  
-20mV.
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ionophoresed 5-HT, The response to  5-HT was v e ry  s m a ll,  o r  absent a t  
h o ld in g  p o te n t ia ls  more n e g a tiv e  than  -50mV and was never observed to  
re ve rse  w ith  f u r th e r  h y p e rp o la r is a t io n .  V o lta g e  c lam ping th e  Cl 
neurone to  more d e p o la ris e d  p o te n t ia ls  caused a marked in c re a s e  in  th e  
s iz e  o f the  5-HT response, as seen in  f ig u r e  3 . 1 , A. T h is  response has 
p re v io u s ly  been shown n o t to  depend on Na^ and 01“  io n s , bu t i t  was 
s e n s it iv e  to  th e  in o rg a n ic  Ca channel b lo c k in g  a g e n ts , Co and Cd, a t  
c o n c e n tra tio n s  o f  1 to  lOmM ( C o t t r e l l ,  1982b; B arnes, C o t t r e l l  and 
Dunbar, in  p re p a ra t io n ) .  The s e n s i t i v i t y  to  Ca channel b lo c k in g  age n ts  
suggested th a t  th e  response co u ld  be due to  an in c re a se  in  a 
v o lta g e -dependent gCa o r a decrease in  a Ca-dependent gK, a c t iv a te d  by 
Ca e n try  d u r in g  d e p o la r is a t io n .  E a r l ie r  e xpe rim en ts  have a ls o  shown 
th a t  the  5-HT response i s  s e n s it iv e  to  changes in  th e  e x t r a c e l lu la r  K 
c o n c e n tra t io n . R a is in g  th e  K c o n c e n tra t io n  f r a n  5 to  35mM caused a 
re d u c t io n  in  th e  a m p litu d e  o f  th e  response, as w ou ld  be expected i f  th e  
response was due to  a decrease in  gK, Ba^* io n s ,  w hich a re  known to  
c a rry  Ca c u rre n ts , bu t b lo c k  K c u rre n ts  (Hermann and Gorman, 1979)i 
co m p le te ly  a b o lis h e d  th e  vo ltag e -d ep e nd e n t 5-HT response in  th e  Cl 
neurone, su gg e s ting  th a t  i t  i s  indeed due to  a decrease in  gK (B arnes, 
C o t t r e l l  and Dunbar, in  p re p a ra t io n ) .
The patch dam p te ch n iq u e  has been u t i l i s e d  i n  th e  in v e s t ig a t io n  
o f a s im i la r  5-HT response in  Ap lv s ia  sensory neurones ( Siegelbaurn e t 
â l ,  1982). A patch  clamp in v e s t ig a t io n  o f th e  K channe ls  p re sen t in  
th e  Cl neurone was undertaken  and a study made o f th e  e f fe c t  o f 5-HT on 
th e  channels reco rd ed . I t  was hoped th a t  th e  patch  clamp techn ique  
would be u s e fu l in  d e te rm in in g  th e  Ca-dependency o f  th e  K channels 
m odulated by 5-HT. The fo l lo w in g  s e c tio n s  d e s c r ib e  some o b s e rv a tio n s
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made on ou tw ard  s in g le  channel c u r re n ts  reco rded  i n  th e  Cl neurone, th e  
c h a r a c te r is a t io n  o f these s in g le  channel c u r re n ts  and th e  e f fe c t  o f 
5-HT.
3 .2  SINGLE CHANNEL CURRENTS IN CELL-ATTACHED PATCHES OF THE Cl NEURONE
Patch clamp re c o rd in g s  were made w ith  norm al e x t r a c e l lu la r  
s o lu t io n  in  bo th  the  bath  and patch  p ip e t te .  G e n e ra lly , a f t e r  
fo rm a tio n  o f  the  h ig h  re s is ta n c e  GJt s e a l, no s in g le  channel c u rre n ts  
were observed a t  th e  r e s t in g  p o te n t ia l .  The patch  o f membrane had to  
be d e p o la r is e d  b e fo re  u n ita ry  c u r re n ts  co u ld  be observed. In  th e  
c e l l - a t ta c h e d  mode, making th e  in s id e  o f th e  patch p ip e t te  more 
n e g a tiv e  was e q u iv a le n t to  d e p o la r is in g  th e  patch  o f membrane. The 
term  p a tch  p o te n t ia l  (Vp) i s  used th ro u g h o u t to  r e f e r  to  th e  p o te n t ia l 
a c ro ss  th e  patch  o f membrane. The patch  p o te n t ia l  was c a lc u la te d  by
s u b tra c t in g  th e  p o te n t ia l in s id e  th e  p ip e t te  (V p ip e t te )  from  th e
membrane p o te n t ia l  o f th e  c e l l  (Vm). T h is  i s  shown in  e q u a tio n  3 .1 :
Vp = Vm -  V p ip e tte .  ( 3 .1 ) .
Thus w ith  Vm = -50mV and V p ip e tte  = -50mV, th e  p o te n t ia l  a c ross  th e  
patch  o f  membrane (Vp) i s  OraV. In  scrae e xpe rim en ts , in  o rd e r to  
c a lc u la te  Vp, Vm was reco rded  w ith  an i n t r a c e l l u l a r  e le c tro d e  d u r in g  
pa tch  re c o rd in g s . In  o th e r  e xpe rim en ts , when p o s s ib le ,  an a tte m p t was 
made to  measure Vm a t  th e  end o f  th e  experim en t by ru p tu r in g  th e  
membrane under the  p ip e t te .  T h is  gave access to  th e  i n t e r i o r  o f th e  
c e l l ,  and Vm c o u ld  the n  be measured u s in g  th e  c u r re n t  clamp mode on th e
patch  a m p l i f ie r .  When no re c o rd  o f Vm co u ld  be o b ta in e d , Vm was
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assuned to  be -60mV, which was th e  average va lu e  o f  Vm c a lc u la te d  frcxn 
38 re c o rd in g s  f ro n  th e  Cl neurone u s in g  bo th  i n t r a c e l l u l a r  and patch 
e le c tro d e s  (mean = -59 .8db8 .0m V ). A l l  va lu e s  a re  quo ted  as th e  m e a n t 
th e  s tandard  d e v ia t io n .
On d e p o la r is in g  th e  patch o f membrane, s in g le  channel outward 
c u r re n ts  became e v id e n t.  Two s iz e s  o f  outw ard  channel c u r re n ts  were
commonly observed on c e l l-a t ta c h e d  pa tches o f  th e  Cl neurone. F ig u re
3 .2  shows a s e c tio n  o f  re c o rd in g  frcxn a Cl neurone (Vp=+30mV) in  w hich 
outw ard  channel c u r re n ts  o f  two d i f f e r e n t  a m p litu d e s  a re  p re s e n t. Both 
typ e s  o f  channel were n o t observed in  a l l  pa tches o f  th e  Cl neurone. 
In  some pa tches o n ly  one type  was observed , bu t f re q u e n t ly  they 
o ccu rre d  to g e th e r .  However, i f  th e  la r g e r  s in g le  channe ls  were ve ry  
a c t iv e  t h i s  o f te n  made i t  d i f f i c u l t  to  see and measure th e  much s m a lle r 
s in g le  channel even ts .
In  some re c o rd s  more than  two s iz e s  o f u n i ta r y  c u r re n ts  were
observed. However, in te rm e d ia te  s iz e s  w ere o n ly  r a r e ly  seen, and
s u f f i c ie n t  re c o rd s  to  c o n s tru c t an I -V  r e la t io n s h ip  were n o t o b ta in e d . 
F ig u re  3 .3  i s  an example o f a re c o rd  i n  w h ich  th re e  s iz e s  o f  u n ita ry  
c u r re n ts  were observed. S ince in te rm e d ia te  s iz e d  channe ls  were 
observed so r a r e ly  on patches o f  th e  Cl neurone, no f u r t h e r  a n a ly s is  o f 
them was made.
Another o b s e rv a tio n  frcm  re c o rd in g s  o f  channe ls  i n  c e l l-a t ta c h e d  
pa tches , was an in f r e q u e n t ly  o c c u r r in g  subconductance s ta te  o f th e  
la rg e  u n ita ry  c u r re n ts .  An example o f such a s u b s ta te  i s  shown in  
f ig u r e  3 .4 .  In  t h i s  re c o rd  no in w a rd  e ven ts  were observed. T h e re fo re ,
F ig u re  3 .2
Two s iz e s  o f  outw ard channel c u r re n t  commonly 
observed i n  c e l l-a t ta c h e d  patches o f th e  Cl neurone. T h is  
re c o rd  was f i l t e r e d  a t  1KHz. Vp=+30mV,
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Three d i f f e r e n t  s iz e s  o f  outward channel c u r re n ts  
reco rded  from  a c e l l- a t ta c h e d  pa tch  o f  th e  Cl neurone a t  a 
patch  p o te n t ia l o f  about +20mV. Vm was assumed to  be 
-60mV in  t h i s  re c o rd . The upper tra c e  shows sm a ll u n ita ry  
c u rre n ts  o f about 0 .8pA , co rre sp on d ing  to  th e  sm a ll 
channels u s u a lly  observed on c e l l- a t ta c h e d  pa tches . The 
m idd le  tra c e  shows an in te rm e d ia te  s iz e  o f  about 1.9pA, 
no t n o rm a lly  observed a t  t h i s  p o te n t ia l ,  w h ile  th e  lo w e r 
tra c e  shows channels o f  about 3pA, co rre sp on d ing  t o  th e  
la rg e  u n ita ry  c u r re n ts  u s u a lly  observed in  c e l l- a t ta c h e d  
patches o f th e  Cl neurone. T h is  re c o rd  was f i l t e r e d  a t  
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An in f r e q u e n t ly  observed subconductance s ta te  o f th e  
la r g e r  s in g le  channel outw ard  c u r re n ts .  The lo w e r tra c e  
shows a s e c t io n  o f  th e  upper tra c e  on an expanded tim e  
s c a le . The subconductance s ta te  i s  marked S in  both  
re c o rd s . C losed, f u l l y  open and s u b s ta te s  o f  th e  channel 
a re  marked on th e  r ig h t  s ide  by , C, 1 and S
re s p e c t iv e ly .  Recordings w ere f i l t e r e d  a t  IKHz. 
Vp=+59mV.
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t h i s  s u b s ta te  was u n l ik e ly  t o  be accounted f o r  by th e  s im u ltaneous 
occu rrence  o f inw ard  and outw ard  e ven ts . S im i la r ly ,  no openings o f 
channe ls  d i r e c t ly  to  th e  le v e l  o f  the  s u b s ta te  were observed. The 
s u b s ta te  le v e l  appeared ( w i th in  th e  l im i t s  o f  r e s o lu t io n )  t o  be reached 
from  the  f u l l y  open s ta te  o f th e  la rg e  outw ard  channel c u r re n t.
3 .2 .1  SMALL UNITARY OUTWARD CURRENTS
When p o s s ib le , I -V  re la t io n s h ip s  o f  th e  s m a lle r  u n ita ry  outw ard  
c u r re n ts  were c o n s tru c te d . The s m a lle r u n ita ry  outw ard c u r re n ts  were 
le s s  f re q u e n t ly  observed tha n  th e  la r g e r  ones. The low  conductance o f 
these  channe ls  made a c c u ra te  measurements o f  t h e i r  a m p litud e  more 
d i f f i c u l t  tha n  f o r  the  la r g e r  channe ls . F u rthe rm ore , th e  presence o f 
th e  la rg e  u n ita ry  c u r re n ts  o f te n  obscured these  much s m a lle r  u n ita ry  
c u r re n ts .  An I -V  r e la t io n s h ip  o f s m a ll u n ita ry  outward c u r re n ts  
re co rd e d  from  a c e l l-a t ta c h e d  pa tch  i s  shown in  f ig u r e  3 .5 .  G e n e ra lly  
th e  I -V  r e la t io n s h ip  cou ld  be f i t t e d  w e l l  w ith  the  th e o r e t ic a l 
r e la t io n s h ip  c a lc u la te d  frcm  th e  G oldm an-Hodgkin-Katz (GHK) e q u a tio n  
f o r  a K c u r re n t .  The GHK c o n s ta n t f i e l d  c u r re n t  e q u a tio n  was d e r iv e d  
by H odgkin  and Katz (1949) and was based on th e  co n s ta n t f i e l d  th e o ry  
f o r  membrane r e c t i f i c a t i o n  (Goldman, 1943). T h is  d e r iv a t io n  assumed a 
c o n s ta n t e le c t r i c  f i e l d  th ro u g h o u t th e  membrane, an independent 
movement o f  io n s  and a homogeneous membrane. The l a t t e r  assum ption  i s  
c le a r ly  in c o r r e c t ,  s in ce  i t  i s  now known th a t  io n s  move th rough  
channe ls  w i t h in  th e  membrane. The c u rre n t e q u a tio n  d e r iv e d  by Hodgkin 
and Katz ( 1949) was f o r  th e  c u rre n t d e n s ity  a c ro ss  a cm^ area o f 
membrane and, hence, th e  u n i ts  o f  p e rm e a b ili ty  were caa.s"^. However, 
in  th e  e q u a tio n s  used h e re , th e  a b s o lu te  c u r re n t  th rough  th e  channels
F ig u re  3 .5
An I-V  r e la t io n s h ip  o f  th e  s m a lle r outw ard channel 
c u r re n ts  reco rded  from  a c e l l-a t ta c h e d  p a tch . The l in e  
drawn th rou g h  th e  p o in ts  re p re s e n ts  th e  th e o r e t ic a l 
r e la t io n s h ip  based on th e  GHK e q u a tio n  f o r  a K c u r re n t .  
"Oie p e rm e a b ili ty  va lu e  (Pj^=6.39xlO” ^^cm^. ) was
c a lc u la te d  from  th e  data  p o in ts ,  assum ing an in t r a c e l l u l a r  
K c o n c e n tra t io n  o f  98mM. The re s t in g  membrane p o te n t ia l  
re co rd e d  w ith  th e  patch  p ip e t te  a t  th e  end o f  t h i s  
re c o rd in g  was -57mV. The s lope  conductance o f these 
channe ls  was measured to  be 13pS a t  a Vp o f  +10mV.
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was used, and th e  a b s o lu te  p e rm e a b ility  c a lc u la te d .  The u n i ts  o f 
p e rm e a b ili ty  a re  th e re fo re  cm. s”  . F i t s  to  th e  GHK e q u a tio n  were made 
assum ing an in t r a c e l l u la r  K c o n c e n tra t io n  o f  98mM ( A lv a re z - l e efmans and 
Gamino, 1982; C o t t r e l l ,  Davies and Green, 1984). The va lu e  o f 
p e rm e a b ili ty  used was th e  mean va lue  c a lc u la te d  from  th e  data
p o in ts .  In  t h i s  example P = 6 .39x10” ^^cm .^s”’ \  The mean P_ va lueXv K
c a lc u la te d  f o r  these channels was 6 .7 i  1 .4x10”*^^cm.^s*"^ ( n = l8 ) .  The 
s lope  conductance o f u n ita ry  c u r re n ts  a t  Vp=+10mV was used as a means 
o f  id e n t i f y in g  and com paring th e  s in g le  channel c u r re n ts .  To measure 
s lope  conductance a tangen t to  th e  cu rve  was drawn a t  +10raV (Vp) and 
th e  g ra d ie n t o f t h i s  l i n e  c a lc u la te d .  In  th e  example in  f ig u r e  3-5  the  
s lope  conductance was 13pS. The mean s lope  conductance o f these  
channels a t  +10mV was l4 .2 ± 2 ,1 p S  (n=6) and th e  mean a m p litu d e  o f th e  
channels was 0 .7 3 i0 .1 1 p A .
3 .2 .2  LARGE UNITARY OUTWARD CURRENTS
More a c c u ra te  measurements o f  th e  la r g e r  u n i ta r y  outw ard c u r re n ts  
co u ld  be o b ta in ed  due to  the  fa v o u ra b le  s ig n a l to  no ise  r a t io  f o r  these 
channels a t  d e p o la r is e d  p o te n t ia ls .  The I -V  r e la t io n s h ip  o f  these  
s in g le  channel c u r re n ts  was in v e s t ig a te d .  F ig u re  3 -6  shows th e  I -V  
curve  o f la rg e  u n ita ry  c u r re n ts  frcan a c e l l- a t ta c h e d  patch  i n  w h ich  Vm 
was s im u lta n e o u s ly  measured w ith  an i n t r a c e l l u l a r  e le c tro d e . The 
r e la t io n s h ip  o f  s in g le  channel c u rre n t to  Vp co u ld  be f i t t e d  w e l l  w ith  
th e  th e o re t ic a l r e la t io n id i ip  c a lc u la te d  from  th e  GHK e q u a tio n  f o r  a K 
c u r re n t .  The p e rm e a b ili ty  va lue  c a lc u la te d  frcan th e  data  p o in ts  was 
2 .71x10"^^cm .^s  The mean p e rm e a b ility  va lue  c a lc u la te d  f o r  th e
la r g e r  u n ita ry  c u r re n ts  was 2 .3  i :  0 ,4x10 ''^^cm .^s ’'^  (n = 2 0 ). A l l  va lu e s
F ig u re  3 .6
An I -V  r e la t io n s h ip  o f  th e  la r g e r  s in g le  channel 
ou tw ard  c u r re n ts ,  reco rded  frcan a c e ll-a t ta c h e d  patch  o f 
th e  Cl neurone, w h i ls t  s im u lta n e o u s ly  re c o rd in g  membrane 
p o te n t ia l  w ith  an in t r a c e l l u la r  e le c tro d e . The re s t in g  
p o te n t ia l  o f  t h i s  c e l l  was measured as -70mV. The I -V  
r e la t io n s h ip  o f  these  channels was n o n - lin e a r ,  showing 
r e c t i f i c a t i o n ,  w h ich  agreed c lo s e ly  w ith  th e  th e o r e t ic a l 
r e la t io n s h ip ,  c a lc u la te d  from  th e  GHK e q u a tio n  f o r  a K 
c u r re n t  ( s o l id  l i n e ) .  The p e rm e a b ili ty  va lue  (P^= 
2 .71x10“ ^^cm ^.s“ ^ ) was c a lc u la te d ,  assum ing an 
i n t r a c e l l u l a r  K c o n c e n tra t io n  o f  98mM. In  t h i s  example 
th e  s lo p e  conductance was measured to  be 57pS a t  a Vp o f  
+10mV.
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f o r  th e  means a re  quo ted  i *  th e  s tandard  d e v ia t io n .  The s lope  
conductance o f th e  channe ls shown in  f ig u r e  3 .6  was 57pS a t  Vp=+10mV. 
The mean s lope  conductance a t  +10mV, from  s ix  experim en ts  was 
53 .8db3 .3p8  and th e  mean channel am p litude  a t  t h is  p o te n t ia l was 
2 .5 io .3 p A .  The term s 54pS and 14pS channels s h a l l  be used to  r e fe r  to  
th e  la rg e  and s m a ll channels reco rded  in  c e l l- a t ta c h e d  patches o f  th e  
Cl neurone.
The fa c t  th a t  th e  I -V  re la t io n s h ip s  o f bo th  sm a ll and la rg e  
u n i ta r y  outw ard  c u r re n ts  agreed w e l l  w ith  th e  th e o r e t ic a l  r e la t io n s h ip ,  
a c c o rd in g  to  th e  GHK e q u a tio n  f o r  a K c u r re n t,  suggested th a t  th e  
charge c a r ry in g  sp ec ies  o f  these  u n ita ry  outward c u r re n ts  was io n s . 
The GHK e q u a tio n  i s  based on th e  co ns ta n t f i e l d  th e o ry  f o r  th e  
r e c t i f i c a t i o n  o f  c u r re n t  f lo w  th rough  c e l l  membranes (H odgkin  and K a tz , 
1949) .  In  f ig u r e s  3 .5  and 3 .6  i t  can be seen th a t  th e  I -V  
r e la t io n s h ip s  o f  bo th  types  o f  channels a re  n o n - l in e a r .  R eversal o f 
c u r re n t  f lo w  th ro u g h  these channe ls  was never observed in  c e l l-a t ta c h e d  
pa tch e s . No u n i ta r y  c u r re n ts  were observed a t  h y p e rp o la r is e d  patch  
p o te n t ia ls .
The absence o f u n ita ry  outward c u r re n ts  a t  h y p e rp o la r is e d  
p o te n t ia ls  co u ld  be due to  a vo ltag e -d ep e nd e n t g a t in g  o f  th e  io n  
channe ls . A l t e r n a t iv e ly ,  i t  cou ld  be e x p la in e d  by a r e c t i f i c a t i o n  o f
th e  c u r re n t f lo w  th rough  the  channels, such as th e  r e c t i f i c a t i o n
d e s c r ib e d  by th e  co n s ta n t f i e l d  th e o ry . T h is  p re d ic ts  th a t  th e
a m p litu d e  o f th e  K c u r re n t w i l l  be much s m a lle r  i n  th e  hype r p o la r is e d  
d i r e c t io n  th a n  i n  th e  d e p o la r is e d  d ir e c t io n .  Sm all u n ita ry  c u rre n ts  
may th e n  be lo s t  amongst th e  background n o ise , th e re b y  p re v e n tin g  t h e i r
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d e te c t io n .  U n ita ry  c u r re n ts  were g e n e ra lly  n o t observed in  
c e l l-a t ta c h e d  pa tches a t  p o te n t ia ls  le s s  d e p o la r is e d  th a n  -30raV. The 
agreement o f the  u n ita ry  c u r re n t  data w ith  th e  c o n s ta n t f i e l d  the o ry  
f o r  a K c u r re n t  gave in d i r e c t  evidence th a t  io n s  c a r r ie d  th e  charge 
th rough  these  channe ls . T h is  th e o ry  was te s te d  d i r e c t l y  by exam ining 
th e  dependence o f th e  u n ita ry  c u r re n ts  on th e  K c o n c e n tra t io n .
3 .3  INCREASING THE K CONCENTRATION OF THE PIPETTE
R ecord ings were made from  c e ll-a t ta c h e d  pa tches o f  th e  Cl neurone, 
u s in g  a h ig h  K s o lu t io n  i n  th e  patch p ip e t te .  T h is  s o lu t io n  con ta ined  
35mM K in s te a d  o f  th e  usua l 5mM K, and was made by s u b s t i t u t in g  30mM 
N a d  w ith  KC l. R a is in g  th e  K c o n c e n tra t io n  on th e  e x te rn a l s u rfa ce  o f 
th e  membrane would  be expected  to  reduce th e  d r iv in g  fo rc e  f o r  the  
outward movement o f  io n s , the re b y  re d u c in g  a c u r re n t  w h ich  was due 
to  th e  f lo w  o f io n s .  In  these expe rim en ts  th e  c e l l  was bathed in  
normal s o lu t io n ,  so a v o id in g  a d e p o la r is in g  e f f e c t  o f the  h i ^  K 
s o lu t io n .  R e su lts  frcm  these  expe rim en ts  suggested th a t  th e  u n ita ry  
c u r re n ts  observed were c a r r ie d  by K*^  io n s .
Outward channel c u r re n ts ,  reco rded  w ith  h ig h  K s o lu t io n  in  the  
patch  p ip e t te ,  were s m a lle r tha n  c u rre n ts  n o rm a lly  re co rd ed  i n  c o n tro l 
c o n d it io n s .  F ig u re  3 .7  shows some u n ita ry  outw ard c u r re n ts  reco rded  
frcan a c e l l- a t ta c h e d  p a tch , w ith  35mM io n s  i n  th e  patch  p ip e t te .  
T h is  re c o rd in g  was made a t  a pa tch  p o te n t ia l o f  +10mV. Three d i f f e r e n t  
a m p litu d e s  o f  s in g le  channel c u rre n ts  appeared t o  be p re sen t i n  t h i s  
re c o rd . However, i t  i s  p o s s ib le  th a t  the  la r g e s t  a m p litu d e  observed 
here  was due to  th e  s im u ltaneous  opening o f  th e  o th e r  channe ls . The
F ig u re  3 .7
S in g le  channel outw ard  c u rre n ts  recorded  from  a 
c e l l-a t ta c h e d  pa tch  o f th e  Cl neurone, w ith  a h ig h  K 
s o lu t io n  (35mM) in  th e  patch  p ip e t te .  The appearance o f 
th re e  d i f f e r e n t  a m p litu d e s  in  t h i s  re co rd  i s  marked on th e  
r ig h t  o f  th e  tra c e s . Vp=+10mV. Records were f i l t e r e d  a t  
2.5KHZ.
] 2p A
30ms
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a m p litu d e s  o f  s in g le  d ia n n e l c u r re n ts  observed under these c o n d it io n s  
w ere  1 .2 5 , 0 ,75  and 0.35pA. These a m p litud e s  compare w ith  v a lu e s  o f
2 .5  and 0.73pA, f o r  th e  54pS and l4pS channels r e s p e c t iv e ly ,  w ith  
norm al s o lu t io n  in  th e  patch p ip e t te .  However, due to  th é  n a tu re  o f 
th e  expe rim en t, i t  was n o t p o s s ib le  to  o b ta in  c o n t ro l re c o rd in g s  frcxn 
th e  same patch  s in ce  th e re  was no f a c i l i t y  f o r  p e r fu s in g  th e  patch  
p ip e t te .  The p e rm e a b ili ty  va lu e s  o f  th e  u n ita ry  c u r re n t  re co rd ed  in  
h ig h  K were lo w e r than  in  c o n tro l c o n d it io n s .  Values o f  Pp. were 
1 .4 x1 0 "1 3 , 8 .6x10“ *’ ^ and 4.0x10” *’ ^cra.^s“ ^  f o r  th e  1 .2 5 , 0 ,75  and
0.35pA c u r re n ts  re s p e c t iv e ly .  No I-V  re la t io n s h ip s  f o r  u n ita ry
c u r re n ts  w ith  h i ^  K in  th e  patch  p ip e t te  were o b ta in e d . The presence
o f d i f f e r e n t  ty p e s  o f  channe ls w ith  s m a lle r u n i ta r y  c u r re n ts  w ith  h ig h  
K i n  th e  patch  p ip e t te ,  suggested th a t  th e  outw ard  channel c u r re n ts  
observed on c e l l- a t ta c h e d  pa tches were c a r r ie d  by io n s .  More
c o n c lu s iv e  ev idence f o r  t h is  was o b ta in e d  from  e xpe rim en ts  on is o la te d
o u t s id e -o u t membrane pa tches.
3 .4  PERFUSED OUTSIDE-OUT PATCHES
E xperim ents on is o la te d  o u ts id e -o u t membrane patches a llo w e d  th e  
o u te r  su rfa ce  o f th e  patch  o f membrane to  be p e rfu se d  w ith  d i f f e r e n t  
s o lu t io n s .  P e r fu s io n  o f  is o la te d  patches was ach ieved  u s in g  th e  
m ic ro p e r fu s io n  chamber d e sc rib e d  on page 75 o f th e  methods s e c t io n .  
The p ip e t te  c o n ta in in g  th e  is o la te d  patch o f man b ra ne co u ld  be 
t ra n s fe r re d  to  t h i s  chamber to  enab le  a ra p id  exchange o f s o lu t io n  in  
th e  a rea  o f th e  p a tch . Out s i  d e -ou t patches were form ed w ith  a 96mM K 
s o lu t io n  in  th e  pa tch  p ip e t te  ( s o lu t io n  2 , Table 2 .1 ) ,  R ecordings frcm  
is o la te d  o u ts id e -o u t pa tches were made w ith  norm al 5mM K s o lu t io n  on
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th e  e x te rn a l su rface  o r w ith  96mM K s o lu t io n  o r  44mM K s o lu t io n  
( s o lu t io n s  2 and 3> ta b le  2 .1 )  p e r fu s in g  th e  patch o f membrane. The 
44mM K s o lu t io n  was made by s u b s t i t u t io n  w ith  sucrose to  m a in ta in  th e  
o s m o la r ity .  F ig u re  3 .8  shows examples o f  I -V  re la t io n s h ip s  f o r  th e  
la rg e  u n ita ry  outward c u r re n ts  w ith  5 and 96mM K o r  44 and 96mM K on 
th e  e x te rn a l su rfa ce . In  gene ra l th e  la r g e r  channels were ve ry  a c t iv e  
i n  is o la te d  patches but th e  s m a lle r channels were n o t observed, o r were 
obscured by th e  la rg e r  channe ls .
A ttem pts to  o b ta in  re c o rd in g s  from  th e  same patch  in  a l l  th re e  
s o lu t io n s  were not success fu l and th e  re c o rd s  shown a re  from  patches 
p e rfu se d  w ith  two o f th e  s o lu t io n s .  W ith  96mM K on th e  in n e r  su rface  
and 5mM K on th e  o u te r su rface  (c o n d it io n s  re se m b lin g  those in  a 
c e l l-a t ta c h e d  p a tc h ), th e  I -V  cu rve  o f  the  channels d is p la y e d  
pronounced r e c t i f i c a t i o n .  Under these  c o n d it io n s  no c le a r  re v e rs a l o f 
th e  s in g le  channel c u rre n t was observed ( f ig u r e  3 .8 ,B ) .  As w ith  
re c o rd in g s  from  c e ll-a t ta c h e d  pa tches , th e  I -V  re la t io n s h ip  o f  the  
channe ls under these c o n d it io n s  co u ld  be f i t t e d  by the  th e o re t ic a l 
r e la t io n s h ip  o f  the  GHK e q u a tio n  f o r  a K c u r re n t,  a l lo w in g  th e  re v e rs a l 
p o te n t ia l  to  be e x tra p o la te d  frcxn t h is  f i t .  In  sym m etrica l 96/96mM K 
s o lu t io n  th e  I -V  r e la t io n s h ip  was l in e a r ,  re v e rs in g  a t  OmV. The 
conductance va lu e  o f the  channels in  sym m etrica l s o lu t io n  was between 
130 and 170pS ( f ig u r e  3 .8 ,A  and B ) .  In  96/44mM K s o lu t io n s  th e  I -V  
cu rve  d is p la y e d  s l ig h t  r e c t i f i c a t i o n .  The mean re v e rs a l p o te n t ia l o f 
th e  u n ita ry  c u rre n ts  under these c o n d it io n s  was -1 9 .6  ± 1.OmV in  fo u r  
expe rim en ts . In  th e  example in  f ig u r e  3 .8 ,B  the  conductance va lu e  a t  
+10mV was about 125pS. In  a l l  th re e  s o lu t io n s  th e  I -V  r e la t io n s h ip s  
co u ld  be f i t t e d  w e l l  by th e  GHK e q u a tio n  and, th e re fo re  th e  re v e rs a l
F ig u re  3 .8
Is o la te d  o u ts id e -o u t membrane patches p e rfu se d  w ith  
d i f f e r e n t  K c o n c e n tra t io n s . In  a l l  re c o rd s  th e  patch 
p ip e t te  con ta ined  96mM K. A, I -V  r e la t io n s h ip  o f  s in g le  
channel outward c u r re n ts  re co rd ed  from  an o u t s id e -out 
pa tch  w ith  5mM K (open c i r c le s )  o r  96mM K ( f i l l e d  c i r c le s )  
on th e  o u te r su rface  o f th e  membrane. Both s e ts  o f  data 
have been f i t t e d  w ith  th e  th e o r e t ic a l r e la t io n s h ip  frcm  
th e  GHK e q u a tio n  f o r  a K c u r re n t ,  u s in g  mean p e rm e a b ili ty  
va lu e s  c a lc u la te d  from  the  data  p o in ts .  In  a sym m e trica l, 
5/96mM K c o n d it io n s  (open c i r c le s ) ,  was
— 1 ? Q 12 .38x10“  cm .3 “  and th e  s lope  conductance was measured 
to  be 50pS a t  a Vp o f  +10mV. In  sym m e trica l, 96/96mM K 
s o lu t io n s ,  ( f i l l e d  c i r c le s ) ,  P^ was 3 .12x10 ^^cm ^.s  ^ and 
th e  conductance was 130pS.
B, I -V  re la t io n s h ip s  o f  s in g le  channel c u r re n ts  
re co rd e d  from  an o u t s i  de -o u t patch p e rfu se d  w ith  44mM K 
( f i l l e d  c i r c le s )  and 96mM K (open c i r c le s ) .  F i t s  to  GHK 
e q u a tio n  were made u s in g  p e rm e a b ili ty  v a lu e s  c a lc u la te d  
frcxn th e  data p o in ts .  The p e rm e a b ili ty  va lu e  in  
a s ym m e trica l, 96/44 mM K c o n d it io n s  ( f i l l e d  c i r c le s )  was 
4.17x10”  cm . s“  and th e  s lope  conductance a t  +10mV was 
125pS. The p e rm e a b ility  va lue  in  sym m etrica l 96/96mM K 
s o lu t io n s  (open c i r c le s )  was 3.56x10 ^^cm ^.s  ^ i n  t h i s  
example and th e  conductance was 170pS.
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p o te n t ia ls  o f  th e  channels agreed  w ith  th e  p re d ic te d  v a lu e s  o f OmV, 
-19*7mV and -74.4mV fo r  th e  96 mM, 44mM and 5mM K s o lu t io n s  
re s p e c t iv e ly .
The agreement o f th e  s h i f t  i n  re v e rs a l p o te n t ia l  f o r  these 
channels w ith  th e  va lu e s  c a lc u la te d  from  th e  N e rns t e q u a tio n  gave 
d ir e c t  ev idence th a t  th e  c u r re n t  f lo w in g  th rough  these  channels was 
c a r r ie d  by io n s .  A lthough  in  each o f th e  s o lu t io n s  th e  I -V  cu rves  
co u ld  be f i t t e d  by th e  th e o r e t ic a l  r e la t io n s h ip  f o r  th e  GHK e q u a tio n , 
th e  va lu e s  c a lc u la te d  frcan th e  da ta  f o r  th e  p e rm e a b ili ty  were d i f fe r e n t  
i n  th e  d i f f e r e n t  s o lu t io n s ,  s u g g e s tin g  th a t  th e  c u r re n t  f lo w  t h r o u ^  
th e  io n  channels d id  n o t obey th e  c o n s ta n t f i e l d  th e o ry  assimed in  th e  
GHK e q u a tio n . However, i t  i s  known th a t  c u rre n t f lo w  th rough  many io n  
channels does n o t obey th e  c o n s ta n t f i e l d  th e o ry  f o r  r e c t i f i c a t i o n .  
S h i f t s  in  th e  re v e rs a l p o te n t ia ls ,  w hich were in  agreement w ith  th e  
v a lu e s  c a lc u la te d  frcan th e  N e rn s t e q u a tio n , were a ls o  o b ta in e d  when a 
f i t  by eye was made to  th e  da ta  p o in ts .  T h e re fo re , th e  evidence shows 
t h a t  th e  la rg e  u n ita ry  ou tw ard  c u r re n ts  reco rded  from  th e  Cl neurone 
a re  s in g le  K channel c u r re n ts .  However, t h i s  c o n c lu s io n  i s  co m p lica te d  
by th e  la t e r  f in d in g  o f  bo th  Ca-dependent and C a-independent K channe ls 
i n  is o la te d  in s id e - o u t  pa tches .
Such d ir e c t  ev idence f o r  th e  io n ic  n a tu re  o f  th e  s m a lle r channels 
was n o t o b ta in e d , s in ce  re c o rd in g s  o f these channe ls  in  o u ts id e -o u t 
membrane patches was n o t o b ta in e d . However, th e  I -V  r e la t io n s h ip  o f  
th e  I4p8 u n i ta r y  c u r re n ts  sugges ts  t h a t  th e  most l i k e l y  io n ic  sp ec ies  
in v o lv e d  i s  K^ io n s .  S ince th e  response to  5-HT in  th e  Cl neurone has 
been found to  be due to  a decrease i n  gK, i t  was o f  in te r e s t  to  examine
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th e  e f f e c t  o f 5-HT on the  K channels reco rded  i n  th e  Cl neurone.
3 .5  THE EFFECT OF 5-HT ON K CHANNELS OF THE Cl NEÜRONE
In  o rd e r to  t e s t  th e  e f fe c t  o f  5-HT on th e  s in g le  channel K 
c u r re n ts ,  5-HT was a p p lie d  to  th e  C1 neurone, w h i ls t  re c o rd in g  frcan a 
c e l l- a t ta c h e d  p a tc h . Using t h i s  method, i t  i s  b e lie v e d  th a t  5-HT 
cannot d i r e c t ly  in te r a c t  w ith  th e  io n  d ia n n e ls  under th e  p ip e t te ,  due 
to  th e  h ig h  re s is ta n c e  sea l formed between th e  c e l l  membrane and patch 
p ip e t te .  T h e re fo re , a i^  e f fe c t  w h ich  5-HT e x e r ts  on these  channels i s  
assumed to  be m ed ia ted  by an in t r a c e l lu la r  messenger. 5-HT has been 
found to  c lo se  K channels i n  A p ly s ia  sensory neurones by such an 
in d i r e c t  means ( Siegelbaurn e t  a l , 1982).
Three d i f f e r e n t  methods o f  a p p ly in g  5-HT to  th e  Cl neurone, d u r in g  
re c o rd in g  from  a c e l l-a t ta c h e d  p a tch , were a tte m p te d . These in c lu d e d , 
p e r fu s io n  o f  th e  e n t i r e  b a th , p re ssu re  e je c t io n  and m ic ro p e rfu s io n . 
P e r fu s in g  th e  bath  and p re ssu re  e je c t io n  were found to  be le s s  
s u c c e s s fu l,  s in c e  both  o f these methods tended to  cause a m echanica l 
d is r u p t io n  o f  th e  s e a l. A lthough i t  was p o s s ib le  to  perfo rm  some 
e xpe rim en ts  u s in g  these  methods, most o f th e  r e s u l t s  o b ta in e d  were f ro n  
m ic ro p e r fu s io n  expe rim en ts . A p p ly in g  5-HT by m ic ro p e r fu s io n  in v o lv e d  
c a r e fu l ly  lo w e r in g  a le a k y  p ip e t te  c o n ta in in g  5-HT in t o  th e  s o lu t io n ,  
c lo se  to  th e  Cl neurone. T ests  us in g  Fast Green dye showed th a t  t h is  
method was s u f f i c ie n t  to  bathe th e  c e l l  r a p id ly  i n  a s o lu t io n  o f  5-HT. 
The m a jo r d isadvan tage  o f t h is  method was th a t  th e  e f fe c t  was n o t 
a lw ays e a s i ly  re v e rs e d , s in ce  i t  re q u ire d  th e  5-HT to  d if fu s e  away from  
th e  c e l l .
-  91 -
M ic ro p e rfu s io n  o f lOOjiM 5-HT on to  th e  Cl neurone, from  o u tw ith  the  
pa tch  p ip e t te  was found  to  reduce th e  t o t a l  open t im e  o f th e  S4pS K 
channe ls , reco rded  in  th e  c e l l-a t ta c h e d  mode. An example o f one such
experim en t i s  shown in  f ig u r e  3 .9 ,  where th e  percen tage  open tim e  was 
reduced from  9.8/6 to  0,435, A re d u c t io n  i n  t o t a l  channel open tim e  was 
observed in  17 o u t o f 20 e xpe rim en ts . S ince th e  open ing and c lo s in g  o f 
io n  d ia n n e ls  i s  b e lie v e d  to  be random, a la rg e  number o f expe rim en ts  
were perform ed i n  o rd e r to  ensure th a t  th e  e f fe c t  observed was n o t the  
r e s u l t  o f random f lu c tu a t io n s  in  channel a c t i v i t y .  C o n tro l experim en ts  
i n  which s a lin e  was m ic ro p e rfu se d  on to  th e  Cl neurone showed no such 
re d u c t io n  in  channel a c t i v i t y ,  A re v e rs a l o f th e  e f fe c t  o f  5-HT was 
found  in  o n ly  5 expe rim en ts . In  th e  example shown i n  f ig u r e  3 .9  a 
re d u c t io n  i n  th e  channel a m p litu d e  was observed on re v e rs a l o f th e  5-HT 
e f fe c t .  Such a re d u c t io n  i n  channel a m p litu d e  was observed in  seme 
o th e r  re c o rd s . The cause o f t h is  a m p litu d e  re d u c t io n  may be a 
h y p e rp o la r is in g  s h i f t  i n  Vm, s in ce  no a tte m p t to  v o lta g e  clamp th e  c e l l  
d u r in g  these  expe rim en ts  was made. The f a i l u r e  to  o b ta in  a re v e rs a l o f 
th e  5-HT e f fe c t  i n  many cases was p ro ba b ly  due to  a v e ry  slow  d i f fu s io n  
o f  5-HT frcxfl th e  s i t e  o f th e  Cl neurone. The response to  5-HT i n  a 
vo ltag e -c la m p ed  Cl neurone d id  n o t d e s e n s it is e ,  and i n  th e  co n tin u e d  
presence o f 5-HT a m a in ta in e d  in w a rd  c u r re n t  was observed .
I t  was more d i f f i c u l t  to  asses th e  e f fe c t  o f  5-HT on th e  s m a lle r  
u n ita ry  outw ard c u r re n ts ,  s in ce  th e  a c t i v i t y  o f th e  la r g e r  channels 
o f te n  obscured th e  s m a lle r u n ita ry  c u r re n ts .  I t  d id ,  however, appear 
th a t  the  a c t i v i t y  o f  th e  sm a ll channels was la r g e ly  u n a ffe c te d  by 
a p p lic a t io n  o f  5-HT to  th e  Cl neurone. F ig u re  3 .1 0  shows a re c o rd  in
F ig u r e  3 .9
The e f fe c t  o f  5-HT on th e  la rg e  K channe ls  reco rded  
in  a c e l l - a t ta c h e d  patch  o f th e  Cl neurone. Upper t ra c e ,  
S in g le  channel c u rre n ts  re co rd e d  under c o n t ro l
c o n d it io n s .  M idd le  t ra c e , S in g le  channel c u r re n ts  
reco rded  a f t e r  1 .5m in a p p l ic a t io n  o f  5-HT by
m ic ro p e r fu s io n , 5-HT caused a re d u c t io n  in  th e  t o t a l  open 
tim e  o f  these  channels from  9 .8  to  0.4/6. Lower t ra c e . 
R eversa l o f  th e  5-HT e f fe c t  a f t e r  ré n o va i o f  the  
m ic ro p e r fu s io n  p ip e t te  and a llo w in g  th e  5-HT to  d i f fu s e  
away f o r  about Im in . A s m a ll re d u c t io n  in  th e  channel 
a m p litu d e  was observed on re c o v e ry . Vp= +69mV. Records 
were f i l t e r e d  a t  1KHz.
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F ig u re  3 . 1 0
S m a lle r outw ard  channel c u rre n ts  p resen t d u r in g  
a p p l ic a t io n  o f  10 M 5-HT. Top tra c e  -  re c o rd in g  from  a 
c e l l-a t ta c h e d  patch  in  c o n tro l c o n d it io n s .  Bottera tra c e  -  
re c o rd in g  a f t e r  Im in  a p p l ic a t io n  o f  5-HT by 
m ic ro p e rfu s io n , showing a d ra m a tic  re d u c t io n  in  th e  
a c t i v i t y  o f th e  la r g e r  channe ls  d u r in g  th e  con tinued  
presence o f th e  sm a ll channe ls . Vp=OmV. In  th e  upper 
tra c e  some in w a rd  go ing  e ven ts  o f  v a ry in g  a m p litu d e s  a re  
e v id e n t.  These even ts  appeared to  be due to  break-down o f 
th e  menbrane s e a l, s in ce  they were o f v a r ia b le  a m p litu d e .
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w hich 5-HT d ra m a tic a lly  reduced th e  open tim e  o f th e  54pS K channe l,
b u t appeared to  have l i t t l e  e f fe c t  on th e  open tim e  o f th e  I4p8
channe l. However the  a c t i v i t y  o f  t h i s  s m a lle r channe l, b e fo re  th e  
a p p l ic a t io n  o f  5-HT cannot be a c c u ra te ly  assessed due to  th e  presence 
o f  the  54p8 channe l.
3 .6  EFFECT OF 5-HT IN IHE PRESENCE OF Co
The response to  5-HT i n  a vo lta g e -c la m p e d  Cl neurone has been 
shown to  be b locked  by ImM Co^^ io n s  (Barnes, C o t t r e l l  and Dunbar, i n  
p re p a ra t io n ) .  T h is  suggested t h a t  th e  K channe ls , whose a c t i v i t y  i s
reduced by 5-HT, may be Ch-dependent. However, a s im i la r
vo lta g e -d e p e n d e n t 5-HT response , s tu d ie d  i n  H e l ix  neurones by D e te rre  
e t  â L  ( 1982) ,  was a ls o  b lo cked  by Co *^*' io n s , b u t was re p o r te d  to  be 
independent o f i n t r a c e l l u l a r  Ca c o n c e n tra t io n . E xperim ents were 
perfo rm ed he re  to  de te rm ine  th e  mechanism by w h ich  Co b lo cks  th e  5-HT 
response. Two e xp e rim e n ta l reg im es were used, one i n  w h ich  Co was 
p re se n t i n  th e  bath  and p ip e t te  s o lu t io n s ,  and one i n  w h ich  ImM Co was 
p re se n t in  th e  patch  p ip e t te  a lo n e .
In  th e  presence o f ImM Co in  bo th  th e  bath  and patch  p ip e t te ,  
re c o rd in g s  o f th e  two commonly observed u n i ta r y  c u r re n ts  co u ld  be 
made. F ig u re  3.11 shows th e  I -V  r e la t io n s h ip s  o f  u n ita ry  outw ard  
c u r re n ts  reco rded  from  a c e l l - a t ta c h e d  patch  i n  th e  presence o f  Co. 
Ihese  r e la t io n s h ip s  a re  s im i la r  to  those  o b ta in e d  fro m  u n ita ry  outw ard  
c u r re n ts  reco rded  in  c o n t ro l c o n d it io n s .  Both s iz e s  o f  u n ita ry  
c u r re n ts  reco rded  i n  th e  presence o f Co co u ld  be f i t t e d  w ith  th e  
th e o r e t ic a l  r e la t io n s h ip  d e r iv e d  from  th e  GHK e q ^ t iq n  f o r  a K
F ig u re  3 . 1 1
The I -V  r e la t io n s h ip  o f  ou tw ard  channel c u r re n ts  o f  
two a m p litu d e s  re co rd ed  w ith  ImM Co in  bo th  ba th  and 
p ip e t te  s o lu t io n s .  Both a m p litu d e s  o f  s in g le  channel 
c u rre n ts  co u ld  be f i t t e d  w ith  th e  th e o r e t ic a l r e la t io n s h ip  
o f  th e  GHK e q u a tio n  f o r  a K c u r re n t .  P e rm e a b ility  va lu e s  
c a lc u la te d  from  th e  data  p o in ts  assuming an i n t r a c e l l u l a r  
K c o n c e n tra t io n  o f  98mM and a re s t in g  membrane p o te n t ia l  
o f -60mV, w ere , 2 .3x10 ” ^^cm ^.s"^ f o r  th e  la r g e r  channels 
( f i l l e d  c i r c le s )  and 8 .9x10~^^cm ^.s   ^ f o r  th e  s m a lle r  
channels (open c i r c le s ) .  The s lope  conductances o f  these  
channels a t  Vp= +10mV were 50pS and l8pS r e s p e c t iv e ly .
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c u r re n t .  The la rg e  channels had a va lu e  o f 2 .3x10~^^cm .^s"’  ^ and a 
conductance a t  +10mV o f 50pS, The s m a lle r channe ls  had a va lu e  o f 
8 ,9x10 ^^cm .^s  ^ and a conductance a t  +10mV o f iBpS, Ihese va lu e s  
agreed reasonab ly  c lo s e ly  w ith  the  va lu e s  o b ta in e d  under normal 
c o n d it io n s , su gg e s ting  th a t  the  channels observed were th e  same. The 
a c t i v i t y  o f  these channe ls  a ls o  appeared s im i la r  to  channels reco rded  
under normal c o n d it io n s .  However, s in ce  no c o n tro l co u ld  be o b ta in ed  
f ra n  the  same patch  in  th e  absence o f Co, an e f fe c t  o f  Co^’’* io n s  on th e  
k in e t ic  param eters o f  th e  channels cou ld  n o t be ru le d  o u t.
W ith  ImM Co p resen t in  th e  patch p ip e t te  a lo n e , 5-HT was s t i l l
e f fe c t iv e  in  re d u c in g  th e  percentage open tim e  o f th e  54pS K channe ls
(see f ig u r e  3 .1 2 ) .  T h is  suggested th a t  th e  s i t e  o f a c t io n  o f  Co^^ io n s
in  b lo c k in g  th e  e f fe c t  o f 5-HT was n o t a t  th e  le v e l  o f  th e  K channel
i t s e l f .  However, when ImM Co was p re sen t in  bo th  th e  bath  and patch
p ip e t te ,  th e  a c t i v i t y  o f th e  54pS K channel co u ld  n o t be reduced by
a p p lic a t io n  o f  5-HT to  th e  Cl neurone (see f ig u r e  3 .1 3 ) .  Ï Ï i i s  b lockade
o f the  5-HT response, seem ing ly w ith o u t e f f e c t in g  th e  K channe ls
in v o lv e d , argued a g a in s t th e  a c t io n  o f Co be ing  an in d i r e c t  b lo c k  o f
Cà-dependent K channe ls . The a c t io n  o f  Co on th e  response co u ld  be
2+u n re la te d  to  i t s  b lo c k in g  a c t io n  on Ca channe ls . For example Co io n s
may in te r a c t  w ith  th e  5-HT re c e p to r  to  p reven t th e  b in d in g  o f  5-HT to
th e  re c e p to r .  The e f fe c t  o f Co^^ io n s  cou ld  a ls o  suggest a re q u irem en t
f o r  Ca^^ io n s  i n  th e  p ro d u c tio n  o r  a c t io n  o f  th e  in t r a c e l l u la r
messenger. In  s tu d ie s  on a s im i la r  response, D e te rre  ^  â i.  (1982)
found th a t  Co^^ io n s  b locked  a cAMP-mediated 5-HT response , as w e l l  as
th e  response to  in t r a c e l l u la r  in je c t io n  o f cAMP. However, these
2+co m p lica ted  a c t io n s  o f  Co io n s  do no t r u le  ou t an e f f e c t  o f  5-HT on a
F ig u re  3 . 1 2
The e f fe c t  o f  5-HT on s in g le  channel K c u r re n ts  in
th e  presence o f ImM Co in  th e  patch p ip e t te .  The upper
tra c e  shows th e  c o n tro l re c o rd in g  i n  th e  absence o f 5-HT.
The m id d le  tra c e  shows th e  re c o rd in g  Im in  a f t e r
-4a p p l ic a t io n  o f  10 M 5-HT by m ic ro p e r fu s io n . T h is  
re s u lte d  in  a re d u c t io n  o f o f the  t o t a l  open tim e  o f th e  
la rg e  K channe ls . The lo w e r tra c e  i s  a s e c tio n  o f 
re c o rd in g , showing some re co ve ry  o f channel a c t i v i t y  
3 .6m in  a f t e r  rm o v a l o f  th e  m ic ro p e r fu s io n  p ip e t te  and 
a llo w in g  5-HT to  d i f fu s e  away. Vp= +2mV. Records were 
f i l t e r e d  a t  2.5KHz.
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The e f fe c t  o f  5-HT on th e  la rg e  K channe ls in  th e  
presence o f ImM Co in  bo th  th e  bath  and patch  p ip e t te .  
The upper tra c e  shows a s e c tio n  o f  re c o rd in g  under c o n tro l 
c o n d it io n s .  The m id d le  tra c e  shows th e  re c o rd in g  0 .6m in  
a f t e r  b e g in n in g  a p p l ic a t io n  o f  5-HT by m ic ro p e r fu s io n . No 
e f f e c t  o f  5-HT was seen on these  K channels under these  
c o n d it io n s .  In  th e  lo w e r tra c e  a s e c tio n  o f  re c o rd in g  
a f t e r  a f u r t h e r  2min o f  5-HT a p p l ic a t io n  i s  shown. Vp= 
+25mV. Records w ere f i l t e r e d  a t  2.5KHz.
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Ca-dependent K c u r re n t.  The Ca-de pendency o f K channe ls  reco rded  in  
th e  01 neurone was examined d i r e c t ly  by p e r fu s in g  is o la te d  in s id e -o u t  
patches o f manbrane w ith  d i f f e r e n t  Ca c o n c e n tra t io n s .
3 .7  EXAMINING THE Ca-DEPENDENCY OF THE K CHANNELS
Is o la te d  in s id e -o u t  pa tches were pe rfu se d  on th e  in n e r  su rface  by 
t r a n s fe r r in g  th e  p ip e t te ,  and thus  th e  patch  o f  membrane, to  th e  
m ic ro p e r fu s io n  chamber d e s c r ib e d  e a r l ie r .  Four s o lu t io n s  o f d i f f e r e n t  
f re e  Ca c o n c e n tra t io n s  were pe rfused  ove r th e  pa tch  o f membrane. The 
co m p o s itio n  o f  these s o lu t io n s  i s  d e ta ile d  i n  ta b le  2 .1  ( s o lu t io n s  4 to  
7 ) .  A l l  o f th e  s o lu t io n s  con ta ined  5mM EGTA to  c h e la te  Ca^^ io n s . 
D if fe r e n t  q u a n t i t ie s  o f CaCl^ were added to  g iv e  th e  d e s ire d  f re e  Ca 
c o n c e n tra t io n . The f re e  Ca c o n c e n tra tio n s  were c a lc u la te d  u s in g  a 
program w r i t t e n  f o r  th e  BBC m icrocom puter (N ic o l ,  1985). T h is  program 
took  in t o  accoun t th e  o th e r io n s  and lig a n d s  p re s e n t, as w e l l  as th e  
tem pe ra tu re , w h ich  was g iv e n  as 2 2 '^C. The f r e e  Ca^^ io n  c o n c e n tra tio n s  
a re  l i s t e d  in  column 11 o f ta b le  2 .1 .  In  these  expe rim en ts , the  
s o lu t io n  p re sen t in  th e  ba th  co n ta in ed  no added Ca ( s o lu t io n  1, ta b le  
2 .1 ) .  T h is  m in im ised  c o n ta m in a tio n  o f Ca frcm  the  bath  in to  th e  
m ic ro p e r fu s io n  chamber. T h is  s o lu t io n  was a ls o  used in  th e  patch 
p ip e t te .  The s o lu t io n s  p e r fu s in g  th e  in te r n a l  s u rfa c e  o f th e  patch o f 
membrane co n ta in e d  lOOmM K**" io n s , thus ro u g h ly  m im ick in g  th e  K g ra d ie n t 
a c ro ss  th e  c e l l- a t ta c h e d  p a tc h . T h is  p h y s io lo g ic a l K g ra d ie n t enabled 
a com parison o f th e  s in g le  channel conductance o f u n ita ry  c u rre n ts  
reco rded  i n  is o la te d  and c e l l- a t ta c h e d  pa tches.
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3 .7 .1  Ca-DEPENDENT K CHANNELS
Some channe ls  observed in  is o la te d  in s id e - o u t  membrane patches
were found to  be a c t iv a te d  by an in c re a se  in  th e  Ca^^ io n  c o n c e n tra t io n
on th e  in n e r  s u rfa c e  o f the  membrane. F ig u re  3 .1 4  shows an example o f
re c o rd in g s  from  one patch  o f membrane, in  w h ich  th e  a c t i v i t y  o f the
2+channe ls  in c re a s e d  w ith  in c re a s in g  Ca io n  c o n c e n tra t io n . In  a
-9s o lu t io n  c o n ta in in g  le s s  than  10 M f re e  Ca, o n ly  an o cca s io n a l channel 
opening co u ld  be seen in  t h i s  re c o rd . When th e  s o lu t io n  p e r fu s in g  th e  
patch  was changed to  one c o n ta in in g  3 .4x10"^M  f re e  Ca, more fre q u e n t 
channel openings to  two superim posing  le v e ls  were observed. D uring  
p e r fu s io n  o f th e  pa tch  w ith  1 .3x10 f r e e  Ca s o lu t io n  th e  s im u ltaneous 
open ing  o f  s ix  channe ls  o f  th e  same a m p litu d e  cou ld  be observed, 
su g g e s tin g  th e  presence o f a t  le a s t  s ix  channe ls  in  th e  patch o f 
membrane. In c re a s in g  th e  Ca c o n c e n tra t io n  f u r t h e r  to  2 .6x10“ ^M caused 
a f u r th e r  sm a ll in c re a s e  in  channel a c t i v i t y ,  b u t d id  n o t in c re a s e  the  
number o f s im u lta n e o u s ly  open channe ls . These Ca-dependent channels 
g e n e ra lly  o ccu rre d  i n  la rg e  nunbers (4  to  8 p e r p a tc h ). Records 
c o n ta in in g  o n ly  one Ca-dependent K channel in  an is o la te d  in s id e -o u t  
membrane patch  were never observed.
The la rg e  number o f Ca-dependent K channe ls  p re se n t in  each patch 
p re c lud e d  a d e ta i le d  k in e t ic  a n a ly s is  o f th e  open and c lo se d  t im e s . I t  
was, however, p o s s ib le  to  use a program f o r  th e  BBC m icrocom puter to  
measure the  t o t a l  channel open tim e  f o r  each le v e l .  T h is  va lu e  was 
the n  used to  c a lc u la te  th e  mean percen tage  open tim e  pe r channe l, 
assum ing th a t  th e  number o f channels p re s e n t in  th e  patch  was
F ig u re  3 . 1 4
K channels a c t iv a te d  by in c re a s in g  th e  Ca 
c o n c e n tra t io n  on th e  in n e r  su rfa ce  o f an is o la te d  
in s id e - o u t  patch o f menbrane. Records were f i l t e r e d  a t  
2.5KHz. Vp= OmV. Upper tra c e . S e c tio n  o f re c o rd in g  in  a 
s o lu t io n  c o n ta in in g  <10 f r e e  io n s .  Only one
is o la te d  open ing can be seen in  t h i s  re c o rd . M idd le  
t ra c e , S e c tio n  o f re c o rd in g  frcxn th e  same p a tch , in  a 
s o lu t io n  c o n ta in in g  3.4x10 M f re e  Ca io n s .  Openings to  
3 le v e ls  can be seen in  t h i s  re c o rd . Lower tra c e , 
s e c t io n  o f re c o rd in g  from  th e  same p a tch , in  1.3x10” ^M 
f r e e  Ca s o lu t io n .  Openings to  s ix  le v e ls  can be seen in  
t h i s  re c o rd , in d ic a t in g  th e  presence o f a t  le a s t  s ix  
channe ls  o f the  same a m p litu d e  in  t h i s  pa tch  o f  membrane.
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e q u iv a le n t to  the  maximum number o f s im u lta n e o u s ly  open channe ls . A 
p lo t  o f th e  percentage open tim e  a g a in s t pCa i s  shown in  f ig u r e  3 .1 5 . 
T h is  r e la t io n s h ip  i s  p ro ba b ly  s igm o ida l as observed by B a r r e t t ,  Magleby 
and B a l lo t ta  (1982) f o r  th e  Ca-dependent K channe ls  o f r a t  myotubes. 
T h is  s ig m o id a l r e la t io n s h ip  i s  n o t e v id e n t in  th e  r e s u l t s  p resen ted  
h e re , s in ce  s o lu t io n s  o f th e  pCa range 8 to  7 were n o t used. In  la t e r  
expe rim en ts , a tte m p ts  were made to  o b ta in  a more com plete p lo t  o f 
percen tage  open tim e /pC ^ by in c lu d in g  s o lu t io n s  in  t h i s  range. 
However, in  these e xpe rim en ts  no Ca-dependent K channels were 
observed . T h is  la c k  o f Ca-dependent K channels may have been due to  a 
seasonal v a r ia t io n  (see d is c u s s io n ) .  Ca-dependent K channe ls were seen 
in  o n ly  7 o u t o f 33 is o la te d  in s id e -o u t  membrane pa tches .
I -V  re la t io n s h ip s  o f  Ca-dependent K channe ls , reco rded  from  
is o la te d  in s id e -o u t  pa tches, were compared w ith  I -V  re la t io n s h ip s  o f 
channe ls  reco rded  in  th e  c e ll-a t ta c h e d  mode. An example o f an I-V  
cu rve  o f Ca-dependent K channe ls  recorded  from  an in s id e - o u t  patch i s  
shown in  f ig u r e  3 .1 6 . The I -V  r e la t io n s h ip  o f these  channels g e n e ra lly  
agreed w e l l  w ith  th e  th e o r e t ic a l r e la t io n s h ip  c a lc u la te d  from  th e  GHK 
e q u a tio n  f o r  a K c u r re n t .  In  the  example shown in  f ig u r e  3 .16  th e  Pj, 
va lu e  was 2.29x10 ^^cm .^s"^ and th e  conductance a t  a pa tch  p o te n t ia l  o f  
+ 10mV was 55pS. The conductance o f Ca-dependent K channe ls  in  is o la te d  
patches was ve ry  v a r ia b le .  The mean conductance a t  +10mV was 5 0 ‘i l l p S  
(n = 6 ). S ince th e  c o n c e n tra t io n  o f io n s  and Vp can be more
a c c u ra te ly  c o n t ro l le d  in  these  experim ents  than  in  c e l l- a t ta c h e d  patch 
expe rim en ts , such an in c re a s e d  v a r ia b i l i t y  would n o t be expected.
- F ig u re  3 . 1 5
R e la t io n s h ip  between pC^ (- lo g C C a l) and ^open tim e  
f o r  Ca-dependent K channe ls . Open tim e s  w ere measured 
u s in g  a program f o r  th e  BBC m icrocom pu te r, as d e sc rib e d  in  
th e  methods s e c t io n .  The mean percentage open tim e  was 
c a lc u la te d  assum ing th a t  th e  maximum number o f o v e r la p p in g  
u n i ta r y  e ven ts  was equal to  th e  number o f channe ls  
p re s e n t. The data  p lo t te d  he re  a re  frcm  th e  same patch as 
in  F ig .3 .1 2 .
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I - V  r e la t io n s h ip  o f  Ca-dependent K channe ls  reco rded  
from  an is o la te d  in s id e - o u t  pa tch  o f membrane, w ith  5mM K 
in  th e  patch p ip e t te  and lOOmM K on th e  in n e r  su rfa ce  o f 
th e  pa tch  o f  membrane. The data  have been f i t t e d  by th e  
GHK e q u a tio n  fo r  a K c u r re n t  . The va lu e  c a lc u la te d
frcM  th e  data  p o in ts  was 2 .29x10” ^ ^ c m ^ .s ~ \ The s lope  
conductance measured a t  Vp=+10mV was 55pS.
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3 .7 .2  Ca-INDEPENDENT K CHANNELS
S in g le  channels whose a c t i v i t y  was found to  be independent o f th e
in te r n a l  Ca c o n c e n tra t io n  were a ls o  p resen t in  is o la te d  in s id e -o u t
pa tches  o f membrane. These u n ita ry  outward c u r re n ts  were o f a s im i la r
a m p litu d e  to  the  Ca-dependent u n ita ry  K c u r re n ts  a t  a patch p o te n t ia l
o f  OmV. The C a-independent channels were n o rm a lly  p resen t in  few er
numbers (one o r two) in  a patch and d id  n o t u s u a lly  occur in
c o n ju n c t io n  w ith  th e  Ca-dependent channe ls . F ig u re  3 .17  shows a
re c o rd in g  from  an is o la te d  in s id e - o u t  patch o f membrane in  w h ich  the
channe ls  p re sen t were v e ry  a c t iv e  in  a s o lu t io n  c o n ta in in g  le s s  than
10 f re e  Ca. The a c t i v i t y  o f these channels was n o t a f fe c te d  when
th e  s o lu t io n  p e r fu s in g  th e  patch o f membrane was changed to  one
-5c o n ta in in g  2.6x10 M f r e e  Ca.
An example o f an I -V  r e la t io n s h ip  o f th e  Ca-independent K channe ls 
i s  shown in  f ig u r e  3 .1 8 . I n  gene ra l th e  I -V  r e la t io n s h ip  o f these 
channe ls  co u ld  n o t be f i t t e d  w e l l  w ith  the  th e o r e t ic a l r e la t io n s h ip  
c a lc u la te d  from  th e  GHK e q u a tio n  f o r  a K c u r re n t .  In  f ig u r e  3 .18  th e  
s o l id  l i n e  i s  th e  f i t  by eye to  th e  data p o in ts ,  w h i ls t  th e  b roken  l i n e  
i s  th e  f i t  by th e  GHK e q u a tio n  f o r  a K c u r re n t ,  u s in g  a mean
p e rm e a b ili ty  v a lu e , c a lc u la te d  from  th e  da ta  p o in ts ,  o f  
3 .0x10 ^^cm .^s ^ . D e sp ite  th e  fa c t  th a t  th e  r e c t i f i c a t i o n  o f these 
u n i ta r y  c u r re n ts  d id  n o t agree  w e ll  w ith  th e  r e la t io n s h ip  d e r iv e d  frcxn 
th e  GHK e q u a tio n , i t  i s  l i k e l y  th a t  these u n ita ry  c u r re n ts  a re  due to  
c u r re n t  f lo w  th rough channe ls  w h ich  a re  la r g e ly  s e le c t iv e  f o r  K*** io n s . 
An e x tr a p o la t io n  o f  th e  l i n e  f i t t e d  by eye w ou ld  suggest a re v e rs a l
F ig u r e ‘ 3 .1 7
K channe ls  whose open tim e  was n o t e ffe c te d  by Ca 
c o n c e n tra t io n  a t  th e  in te r n a l  s u rfa c e . Recordings o f 
s in g le  channel c u r re n ts  from  an is o la te d  in s id e - o u t  patch 
o f  membrane, p e rfu se d  w ith  s o lu t io n s  o f  d i f f e r e n t  Ca 
c o n c e n tra t io n s . Vp= OmV. Records were f i l t e r e d  a t  
2.5KHZ. Upper tra c e , re c o rd in g  frcxa a patch  p e rfu se d  w ith  
<10*’ ^M f r e e  Ca. Lower t ra c e ,  re c o rd in g  from  the  same 
patch p e rfu se d  w ith  2 .6x10  f re e  Ca s o lu t io n .
<• 1 0 ' ® M
2.6x10'^M
4 p A
10 0 m s
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I -V  r e la t io n s h ip  o f  Ca-independent K channels 
re co rd e d  from  an in s id e - o u t  patch w ith  5mM K i n  th e  patch 
p ip e t te  and lOOmM K p e r fu s in g  th e  in n e r  su rfa ce  o f the  
membrane. The I-V  r e la t io n s h ip  o f  these  channe ls  cou ld  
n o t be f i t t e d  w ith  th e  th e o r e t ic a l r e la t io n s h ip  c a lc u la te d  
from  th e  GHK e q u a tio n  f o r  a K c u r re n t.  The b roken  l in e  
shows th e  GHK r e la t io n s h ip ,  c a lc u la te d  u s in g  a va lue  o f 
3 .05x10”’ ^ ^ c m ^ .s ~ \ o b ta in e d  f r a n  th e  average P^ . v a lu e s  o f 
th e  data  p o in ts .  The s o l id  l i n e  i s  a cu rve  f i t t e d  by eye 
to  th e  data p o in ts .  The s lope  conductance, measured a t  
Vp=+10mV was 90pS in  t h i s  example.
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p o te n t ia l a t  a va lu e  more n eg a tive  than  -50  o r -60mV. The e q u ilib r iu m  
p o te n t ia ls  f o r  both  Na and Ca io n s  were a t  p o s i t iv e  p o te n t ia ls  in  
t h is  s o lu t io n  and th e  e q u ilib r iu m  p o te n t ia l f o r  Cl"' io n s  was about 
-3mV. T h e re fo re , th e  o n ly  c u rre n t w hich co u ld  produce such an I-V  
r e la t io n s h ip  i s  one w hich was c a r r ie d  la r g e ly  by K"^  io n s .
The s lope  conductance o f th e  u n ita ry  c u r re n ts  in  f ig u r e  3 .18  was 
89pS a t  a Vp o f  +10mV. The conductance v a lu e s  o f C a-independent 
channels were v a r ia b le  and th e  mean conductance, a t  +10mV was 79 lt15pS  
(n = 9 ). In  g en e ra l the  conductance va lu e s  o f th e  (^ - in d e p e n d e n t 
channels were h ig h e r than those o f the  Ca-dependent channe ls . However 
th e  s tandard  d e v ia t io n s  f o r  both  se ts  o f da ta  were r e la t i v e l y  h igh  and 
so a c e r ta in  amount o f c ro s s -o v e r in  conductance v a lu e s  o ccu rre d . A 
S tu d e n t 's  T - te s t  was perform ed on th e  conductance va lu e s  o f th e  
Ca-dependent and Ca-independent K channe ls . The r e s u l t s  o f t h i s  t e s t  
suggested th a t ,  on the  b a s is  o f conductance, th e  channe ls  belonged to  
two sepa ra te  p o p u la tio n s  (p < 0 .0 1 ).
3 .8  EFFECT OF TEA AND Cs ON Ca-INDEPENDENT K CHANNELS
The e f fe c t  o f TEA and Cs on th e  C a-independent channels was 
examined by p e r fu s in g  the  in n e r  su rface  o f is o la te d  in s id e - o u t  patches 
o f membrane w ith  s o lu t io n s  c o n ta in in g  TEA and Cs. TEA and Cs a re  known 
to  b lo c k  K c u r re n ts  o f m o lluscan  neurones (Thompson, 1977; Hermann and 
Gorman, 1981; Meech and Standen, 1975; A ka ike , Lee and Brown, 1978). 
Both TEA (20mM) and Cs (lOmM) caused an a p p a re n t re d u c t io n  in  th e  
s in g le  channel c u rre n t when a p p lie d  to  th e  in n e r  su rfa ce  o f th e  
membrane. T h is  e f fe c t  was ra p id ly  re v e rs ib le  on p e r fu s io n  w ith  th e
-  99 -
normal in t r a c e l l u la r  s o lu t io n .  F ig u re  3.19 shows th e  e f fe c t  o f 20mM 
TEA on the  C a-independent K channe ls . The a m p litu d e  o f th e  u n ita ry  
c u r re n ts  appeared to  be reduced f ra n  about 2.2pA to  0 .8pA . T h is  
a m p litud e  re d u c t io n  i s  shown g ra p h ic a l ly  in  th e  form  o f am p litud e  
h is tog ram s in  f ig u r e  3 .2 0 . A m p litude  h is tog ram s w ere c o n s tru c te d  us in g  
a program w r i t t e n  f o r  th e  BBC m icrocom puter (see m ethods). P e rfu s in g  
th e  patch o f membrane w ith  a s o lu t io n  c o n ta in in g  lOmM Cs^ io n s  produced 
an appa ren t re d u c t io n  in  the  u n ita ry  c u r re n ts  from  2pA to  IpA  (see 
f ig u r e  3 .2 1 ) .  The e f fe c t  o f Cs^ io n s  i s  a ls o  i l l u s t r a t e d  in  th e  fo rm  
o f a m p litu d e  h is tog ra m s  ( f ig u r e  3 .2 2 ) .
The a ppa ren t re d u c t io n  in  s in g le  channel c u r re n t  caused by bo th  Cs 
and TEA on th e  in te r n a l  s u rfa c e  was p robab ly  n o t a tru e  re d u c t io n  in  
s in g le  channel conductance, bu t may have been due to  a ve ry  f a s t  
b lo c k in g  and u n b lo c k in g  o f th e  io n  channels by these  a gen ts . The ra p id  
f l i c k e r in g  o f  the  io n  channel from  the  b locked  t o  unblocked s ta te ,
below th e  le v e l  o f th e  r e s o lu t io n  o f  the  system, w ou ld  be seen as a
re d u c t io n  in  th e  s in g le  channel c u r re n t.  T h is  mechanism o f channel 
b lo c k  by TEA and Cs has been re p o r te d  in  o th e r system s (Y e lle n , 1984;
Benham, B o lto n , Lang and Takew aki, 1985).
D u ring  t h i s  type  o f ra p id  b lo c k in g  a c t io n  an in c re a s e  in  th e  le v e l  
o f no ise  in  th e  open s ta te  o f  th e  channel may be observed . The amount 
o f in c re a s e d  no ise  depends on th e  ra te  a t  w hich th e  channel f l i c k e r s  
from  the  open to  c lo se d  s ta te  in  r e la t io n  to  th e  r e s o lu t io n  o f  th e  
system . I f  the  ra te  o f f l i c k e r in g  i s  w e ll  above th e  re s o lu t io n ,  no 
in c re a s e  in  th e  open channel n o ise  would be d e te c te d . In  th e  presence 
o f TEA, a s ig n i f ic a n t  in c re a s e  in  the  open channel n o ise  was n o t
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E ffe c t  o f 20niM TEA on C a-independent K channe ls . 
Is o la te d  in s id e -o u t  membrane pa tches were pe rfused  w ith  a 
s o lu t io n  c o n ta in in g  20mM TEA. Vp=OmV. Records were
f i l t e r e d  a t  2.5KHz. Upper t ra c e , C o n tro l re c o rd in g  w ith  
normal 5mM K s o lu t io n  in  th e  pa tch  p ip e t te  and lOOmM K 
s o lu t io n  p e r fu s in g  th e  in n e r  s u rfa c e  o f the  patch  o f 
membrane. M idd le  tra c e . R ecord ing  o f  channel a c t i v i t y  
f ra n  th e  same patch  pe rfused  w ith  s o lu t io n  c o n ta in in g  20mM 
TEA. An appa ren t re d u c t io n  in  a m p litu d e , f ra n  2,4pA  to  
0.8pA was observed d u r in g  p e r fu s io n  w ith  th e  TEA 
s o lu t io n .  Lower tra c e , Recovery o f  channel a m p litud e  back 
to  c o n tro l le v e ls  a f t e r  p e r fu s io n  w ith  c o n tro l s o lu t io n .  
Openings to  a second le v e l  can be seen in  t h i s  re c o rd , 
in d ic a t in g  th e  presence o f a t  le a s t  two channels in  t h i s  
patch o f membrane.
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A m p litude  h is to g ra m s  o f  C a-independent K channels 
re co rd ed  from  an is o la te d  patch  in  c o n tro l and 20mM TEA 
s o lu t io n s .  TEA caused an appa ren t re d u c t io n  in  s in g le  
channel a m p litu d e . A m p litude  h is to g ra m s  were c o n s tru c te d  
u s in g  a program f o r  BBC m icrocom pute r as d e sc rib e d  i n  th e  
methods s e c t io n .  T h is  program measured th e  b a s e lin e  no ise  
in  o rd e r to  s e t th e  base le v e l .  A peak co rre sp on d in g  to  
b a s e lin e  n o ise  can, th e re fo re ,  be seen a t  0 on th e  
a b s c is s a . A, A m p litude  h is tog ra m  o f channe ls  i n  c o n tro l 
c o n d it io n s .  A peak co rre sp o n d in g  to  one open channel 
le v e l can be seen a t  about 2 .4pA , w ith  a second s m a ll hump 
a t  around 4pA, co rre sp on d ing  to  two s im u lta n e o u s ly  open 
channe ls . B, A m p litude  h is to g ra m  o f channe ls  in  th e  
presence o f  20mM TEA. A peak a t  about 0.8pA  can be seen, 
due to  channe ls  o f  a reduced a m p litu d e  i n  th e  presence o f 
TEA.
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E ffe c t  o f  lOmM Cs on Ca-independent K channe ls . 
Is o la te d  in s id e - o u t  membrane patches were pe rfu se d  w ith  a 
s o lu t io n  c o n ta in in g  lOmM Cs. Vp=OmV. Records were 
f i l t e r e d  a t  2.5KHz. Upper tra c e . C o n tro l re c o rd in g  w ith  
normal 5mM K s o lu t io n  in  th e  patch p ip e t te  and lOOmM K 
s o lu t io n  p e r fu s in g  th e  in n e r  su rface  o f th e  patch  o f 
membrane. M id d le  t ra c e ,  R ecording o f  channel a c t i v i t y  
f ra n  th e  same p a tch , pe rfu se d  w ith  an in te r n a l  s o lu t io n  
c o n ta in in g  lOmM Cs. An appa ren t re d u c t io n  in  channel 
a m p litu d e , from  2.2pA  to  I.OpA was observed d u r in g
p e r fu s io n  w ith  lOmM Cs s o lu t io n  Lower tra c e . Recovery o f 
channel a m p litu d e  to  c o n tro l le v e ls  on p e r fu s io n  o f  th e  
patch  w ith  c o n t ro l s o lu t io n .
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A m plitude  h is to g ra m s  o f  C a-independent K channe ls  
reco rded  from  is o la te d  in s id e - o u t  pa tches in  c o n t ro l and 
lOmM Cs s o lu t io n  to  show appa ren t a m p litu d e  re d u c t io n  w ith  
Cs. A m p litude  h is to g ra m s  were c o n s tru c te d  u s in g  a program 
f o r  th e  BBC m ic rocom pu te r. A peak i s  p re sen t a t  th e  0 
le v e l co rre sp on d ing  to  th e  b a s e lin e  n o is e . A, a m p litu d e  
h is tog ra m  frcxn c o n t ro l re c o rd in g , showing a la rg e  peak a t  
about 2pA and a s m a lle r hump a t  about 3 .5 -4 p A , 
co rre sp on d ing  to  one and two open channe ls . B, a m p litu d e  
h is tog ra m  in  th e  presence o f 10mM Cs, showing a peak a t  
about IpA , co rre sp o n d in g  to  a channel o f reduced 
a m p litu d e .
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observed, (see  f ig u r e  3 .1 9 ) s u g g e s tin g  th a t  the  ra te  o f f l i c k e r in g  was 
g re a te r  than  th e  re s o lu t io n  o f th e  system (2 .5K H z). In  th e  presence o f 
Cs^ io n s  a sm a ll in c re a se  in  open channel no ise  was observed ( f ig u r e  
3 .2 1 ) ,  T h e re fo re , th e  channel b lo c k in g  by Cs"^  io n s  was p ro b a b ly  s lo irjer 
tha n  th a t  by TEA. However, a tte m p ts  to  q u a n t i fy  these e f fe c ts  were not 
made.
The e f fe c t  o f 2mM Co^^ io n s  on the  C a-independent channels was 
examined by p e r fu s in g  an is o la te d  in s id e -o u t  patch w ith  a s o lu t io n
c o n ta in in g  2mM Co. No e f f e c t  o f 2mM Co on these channe ls  was observed 
(see f ig u r e  3 .2 3 ) .
3 .9  ANALYSIS OF OPEN AND CLOSED TIMES
Ca-independent K channe ls  were u s u a lly  p re sen t in  s m a lle r  nunbers 
tha n  th e  Ca-dependent K channe ls . In  re co rd s  where o n ly  one io n  
channel was p re s e n t, i t  was p o s s ib le  to  perfo rm  a k in e t ic  a n a ly s is  o f
open and c lo se d  t im e s . A com parison was made o f th e  k in e t ic  param eters
o f  the  54pS K channe ls , reco rded  i n  c e l l- a t ta c h e d  patches and th e
C a-independent channe ls , reco rded  in  is o la te d  in s id e - o u t  pa tches. A 
program w r i t t e n  f o r  th e  BBC m icrocom puter was used to  measure open and 
c lo se d  tim e s , w h ich  w ere the n  t ra n s fe r re d  to  a Vax com puter. A program 
u s in g  th e  method o f  maximum l ik e l ih o o d  determ ined th e  number and means 
o f  th e  e x p o n e n tia l d is t r ib u t io n s  re q u ire d  to  f i t  th e  frequency 
d is t r ib u t io n  h is to g ra m s  o f open and c losed  tim e s .
F ig u re  3 . 2 3
Lack o f  e f fe c t  o f 2mM Co on C a-independent K
channe ls . Upper t ra c e , re co rd  in  c o n tro l c o n d it io n s
showing channel openings to  two le v e ls  w ith  a ^ n g le  
channel a m p litud e  o f about 2 .2pA. Lower t ra c e , re c o rd  in  
th e  presence o f 2mM Co, showing no e f fe c t  on channel 
a m p litu d e  o r open t im e . Vp=OmV. Records were f i l t e r e d  a t  
2.5KHZ.
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T h is  k in e t ic  a n a ly s is  was ve ry  l im ite d ,  due to  th e  sm a ll number o f 
membrane patches w h ich  con ta ined  o n ly  a s in g le  io n  channel. Table 3.1 
shows a com parison o f k in e t ic  data f o r  th e  54pS K channel reco rded  i n  a 
c e ll-a t ta c h e d  pa tch  and th e  Ca-independent K channel recorded  from  an 
is o la te d  in s id e - o u t  pa tch . Both s e ts  o f re co rd s  were ob ta in ed  a t  a 
patch  p o te n t ia l  o f +10mV. The open tim es o f  channels reco rded  frcm  
c e ll-a t ta c h e d  patches cou ld  be desc ribe d  by th e  sum o f two e xp o n e n tia l 
d is t r ib u t io n s ,  w h i ls t  th e  c losed  tim es  were desc ribe d  by th e  sum o f 
th re e  e x p o n e n tia l d is t r ib u t io n s .  The means o f these e x p o n e n tia l 
d is t r ib u t io n s  and t h e i r  p ro p o r t io n s  v a r ie d  between patches. Examples 
o f  va lu e s  from  one c e ll-a t ta c h e d  patch a re  shown in  ta b le  3 .1 .  
A lthough these va lu e s  v a r ie d  frcxa patch to  p a tch , th e  number o f 
e x p o n e n tia l d is t r ib u t io n s  re q u ire d  to  d e sc rib e  the  data was 
c o n s is te n t.
V a lues f o r  bo th  the  open and c lo se d  tim e s  o f th e  Ca-independent K 
channe ls , reco rded  from  is o la te d  patches, co u ld  be f i t t e d  by th e  sum o f 
two e x p o n e n tia l d is t r ib u t io n s .  Examples o f these va lu e s  a re  g iv e n  in  
ta b le  3 .1 .  The lo n g e r  c losed  tim e , which was u s u a lly  p resen t in  
re co rd s  frcxa c e l l-a t ta c h e d  patches was m iss in g  in  re co rd s  o f th e  
C a-independent K channe l, recorded  in  is o la te d  pa tches. I t  was n o t 
p o s s ib le  to  make a s im i la r  study fo r  th e  Ca-dependent channels, s ince  
the y  were a lways p re se n t in  la rg e  numbers in  a patch o f membrane.
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The d if fe re n c e  in  the  k in e t ic s  o f K channels in  is o la te d  and 
c e l l- a t ta c h e d  patches may be because they re p re se n t two d i f f e r e n t  types 
o f  channe l. The mean conductance va lue  o f th e  Ca-independent channels 
was h ig h e r than  th a t  o f th e  la rg e  K channels reco rded  in  c e l l-a t ta c h e d  
pa tches . However, C a-independent K channels were th e  most f re q u e n t ly  
observed channels in  is o la te d  patches. I t  may be th a t  is o la t io n  o f th e  
patch  o f membrane caused an a l t e r a t io n  in  th e  p ro p e r t ie s  o f  the  
channe ls . The d if fe re n c e  in  th e  open and c losed  tim e s  co u ld  be 
e x p la in e d  by the  lo s s  o f a re g u la to ry  substance when th e  patch  o f 
membrane i s  is o la te d  f ra n  the  c e l l  i n t e r io r .
3 .10  Ca-DEPENDENCY OF THE 5-HT RESPONSE
The presence o f both  Ca-dependent and Ca-independent K channe ls  o f 
a s im i la r  am p litude  in  is o la te d  patches o f  th e  Cl neurone co m p lica ted  
th e  id e n t i f i c a t io n  o f th e  K channels in a c t iv a te d  by 5-HT in  
c e ll-a t ta c h e d  patches o f th e  Cl neurone. To in v e s t ig a te  f u r t h e r  the  
Ca-dependency o f th e  K c u r re n t  m odulated by 5-HT in  t h i s  c e l l ,  a s e r ie s  
o f  experim ents  u s in g  v o lta g e  clamp tech n iq ue s  were undertaken . The 
fo l lo w in g  s e c tio n s  d esc ribe  some experim en ts  u s in g  both  doub le  and 
s in g le  e le c tro d e  v o lta g e  clamp system s.
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.13 .10 .1  THE Ca-DEPENDENT COMPONENT OF THE I-V  CURVE 1
Meech and Standen (1975) d esc rib e d  an "N " shaped re la t io n s h ip  
between the  outw ard  c u r re n t  e l i c i t e d  by la rg e  d e p o la r is in g  p u lse s  and 
th e  membrane p o te n t ia l  to  w h ich  the  c e l l  was s tepped. The expe rim en ts  
o f  Meech and Standen were perform ed on th e  FI (o r  A) neurone in  th e  
r ig h t  p a r ie ta l  g a n g lio n  o f H e lix  asne rsa . The N shaped I-V  
r e la t io n s h ip  w h ich  they d esc ribe d  became a ppa ren t a t  membrane 
p o te n t ia ls  o f  between +50 and +130mV and was g re a t ly  reduced in  
n o m in a lly  ze ro  Ca s o lu t io n s  o r in  th e  presence o f Ca channel b lo c k in g  
age n ts . They showed th a t  t h is  component o f th e  I -V  r e la t io n s h ip  was 
due to  a Ca-dependent K c u r re n t.
These expe rim en ts , on the  FI neurone were re p ea ted  h e re  in  o rd e r 
to  dete rm ine  th a t  th e  e xpe rim en ta l regim e used was c o r re c t  f o r  
re c o rd in g  t h i s  component o f th e  I -V  cu rve . A doub le  e le c tro d e  v o lta g e  
clamp system was re q u ire d  to  clamp th e  la rg e  neurones used in  t h is
s tudy to  ve ry  d e p o la r is e d  p o te n t ia ls .  T h is  a llo w e d  s u f f ic ie n t  c u r re n t
to  be passed (up to  3^A) in  o rd e r to  clamp th e  c e l ls .  T h is  double 
e le c tro d e  v o lta g e  clamp system a ls o  in c o rp o ra te d  a s e r ie s  re s is ta n c e  
com pensation c i r c u i t  to  compensate f o r  e r ro rs  i n  th e  v o lta g e  re c o rd ,
induced by a v o lta g e  d rop a c ro ss  s e r ie s  re s is ta n c e  components, such as
th e  agar b r id g e .
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I t  was found  to  be im p o r ta n t to  le a ve  a s u f f ic ie n t  in te r v a l  
between th e  d e p o la r is in g  p u ls e s , as m entioned by Meech and Standen 
(1 9 7 5 ), in  o rd e r to  a llo w  th e  K c u r re n t a c t iv a t io n  system to  re c o v e r. 
The in t e r v a l  between p u lses  g iv e n  he re  was 15s. F ig u re  3 .24  shows th e  
th e  I -V  r e la t io n s h ip  o f an FI neurone in  a s o lu t io n  c o n ta in in g  lOmM Ca 
and in  a s o lu t io n  c o n ta in in g  n o m in a lly  ze ro  Ca. In  c o n tro l (lOmM Ca) 
s o lu t io n  an N shape in  th e  I -V  curve  was a p p a re n t. T h is  component o f 
th e  c u r re n t was g re a t ly  d im in is h e d  in  a n o m in a lly  ze ro  Ca s o lu t io n .  
F ig u re  3 .2 4 ,B  i s  a p lo t  o f  th e  d if fe re n c e  between th e  c u rre n ts  in  th e  
c o n tro l and Ca f r e e  s o lu t io n s ,  re p re s e n tin g  th e  component o f th e  
outw ard  c u r re n t  m ediated by Ca in f lu x .
These e xpe rim en ts  were repea ted  f o r  th e  Cl neurone. A sha llow  N 
shape in  the  I -V  cu rve  o f th e  Cl neurone was observed . However, t h i s  N 
shape was n o t as a pp a re n t as f o r  th e  FI neurone and, in  g e n e ra l, the  
c u r re n ts  reco rded  from  th e  Cl neurone were s m a lle r  than  those reco rded  
from  th e  FI neurone (see f ig u r e  3 .2 5 ) .  F ig u re  3 .2 5 ,B  i s  a p lo t  o f th e  
d if fe re n c e  between th e  c u r re n ts  in  Ca f r e e  and c o n tro l s o lu t io n s  and 
shows a b e ll-s h a p e d  cu rve , co rre sp o n d in g  to  th e  component o f th e  
outw ard c u r re n t  a c t iv a te d  by Ca in f l u x .  T h is  component i s  
a p p ro x im a te ly  h a l f  th e  s iz e  o f  th e  Ca-dependent component in  th e  FI 
neurone, w ith  a peak c u r re n t  o f about 0.5pA a t  +70raV, compared to  a 
peak Cb-dependent c u r re n t in  th e  FI neurone o f about 1/iA a t  a membrane 
p o te n t ia l  o f +80mV. C u rre n t re co rd s  from  an FI and Cl neurone a re  
compared in  f ig u r e  3 .2 6 . A c le a r  "c ro s s -o v e r "  o f  th e  c u rre n t re co rd s  
was a lw ays observed f o r  th e  FI neurone, w h i ls t  in  th e  Cl neurone, o f te n  
o n ly  a f la t t e n in g  o f  th e  I -V  cu rve  was a p p a re n t. However, th e
F ig u re  3 . 2 4
The N shaped I -V  re la t io n s h ip  o f th e  FI neurone and 
th e  e f fe c t  o f n o m in a lly  zero  Ca s o lu t io n .  C u rre n ts  were 
e l i c i t e d  by 80ms d e p o la r is in g  pu lses  from  a h o ld in g  
p o te n t ia l  o f  -50mV. A, I-V  re la t io n s h ip s  o f  an FI neurone 
in  c o n tro l (lOmM Ca) s o lu t io n  ( #  ) and n o m in a lly  ze ro  Ca 
s o lu t io n  ( a ) .  A pronounced N shape in  th e  I -V  cu rve  i n  
c o n tro l s o lu t io n  was appa ren t. T h is  N shape was v i r t u a l l y  
a b o lis h e d  in  n o m in a lly  ze ro  Ca s o lu t io n .  B, p lo t  o f th e  
d if fe re n c e  between c u rre n ts  in  c o n tro l and n o m in a lly  ze ro  
Ca s o lu t io n s ,  showing a b e l l  shaped d if fe re n c e ,  s im i la r  to  
th a t  seen by Meech and Standen (1975 ), to  co rrespond  to  
th e  Ca-dependent K c u r re n t.
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F ig u re  3 . 2 5
The N shaped I - V  r e la t io n s h ip  o f  the  Cl neurone and 
th e  e f f e c t  o f  a n o m in a lly  ze ro  Ca s o lu t io n .  C u rre n ts  were 
e l i c i t e d  by 100ms d e p o la r is in g  s te p s  f r a n  a h o ld in g  
p o te n t ia l  o f  -50mV. A, th e  I -V  r e la t io n s h ip  o f a Cl 
neurone in  c o n tro l (lOmM Ca) s o lu t io n  ( • )  and in  
n o m in a lly  z e ro  Ca s o lu t io n  ( □ ) .  The I -V  curve  was 
f la t t e n e d  in  n o m in a lly  z e ro  Ca s o lu t io n  and th e  s l ig h t  N 
shape p re se n t i n  th e  c o n tro l c o n d it io n s ,  a t  about +80mV, 
was no lo n g e r  e v id e n t.  B, a graph showing th e  d if fe re n c e  
between c u r re n ts  reco rded  i n  c o n tro l and n o m in a lly  ze ro  Ca 
s o lu t io n s .  The b e l l  shaped d if fe re n c e  was th o u g h t to  
co rrespond  to  th e  Ca-dependent K c u r re n t  d e sc rib e d  by 
Meech and Standen (1975 ).
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C u rre n ts  reco rded  from  th e  FI and 01 neurones by 
d e p o la r is in g  s te p s  from  a h o ld in g  p o te n t ia l  o f  -50mV. The 
to p  re co rd s  show ty p ic a l  c u r re n ts  reco rded  from  an FI
neurone. The s t im u lu s  d u ra t io n  i n  t h is  example was 80ms.
)
The command p o te n t ia ls  co rre sp on d ing  to  th e  c u r re n ts  a re  
in d ic a te d  on th e  r i ^ t .  A d e f in i t e  c ro ss  ove r o f c u r re n ts  
co rre sp on d ing  to  th e  N shaped I-V  r e la t io n s h ip  can be 
seen. The c u r re n t  e l i c i t e d  by s te p p in g  to  +150mV i s  
s m a lle r than  those  e l i c i t e d  by s te p s  to  +110 and +130mV. 
The lo w e r tra c e s  a re  c u rre n t re c o rd s  from  a Cl neurone, 
produced by 100ms d e p o la r is in g  s te p s . The c u rre n ts  
reco rded  from  th e  Cl neurone were g e n e ra lly  s m a lle r than  
those o f th e  FI neurone (n o te  th e  d i f f e r e n t  s c a le s ) .  In  
most re c o rd s  o f  th e  Cl neurone a d e f in i t e  N shape was n o t 
seen, bu t a f la t t e n in g  o f  th e  I -V  cu rve  a t  about +80 to  
+150 mV was observed, as can be seen in  t h i s  example. 
Command p o te n t ia ls  a re  in d ic a te d  a t  th e  r i ^ t  o f th e  
c u rre n ts .
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d if fe re n c e  between the  c u rre n t in  c o n tro l and Ca f r e e  s o lu t io n s  
in d ic a te d  th a t  a s ig n i f ic a n t  Ca-dependent K c u r re n t  was p re sen t in  th e  
Cl neurone.
An a tte m p t was made to  in c re a se  th e  r e la t iv e  p ro p o r t io n  o f th e  
Ca-dependent component o f the  I -V  curve  by s e le c t iv e ly  b lo c k in g  th e  
de layed  r e c t i f i e r  c u r re n t  u s in g  20mM TEA. However, a t  t h i s  
c o n c e n tra t io n  TEA m arked ly f la t te n e d  th e  I -V  cu rve , b u t d id  n o t enhance 
th e  N shape. I t  has s ince  been shown th a t  7 to  10 mM TEA w i l l  enhance 
th e  N shaped component o f th e  I-V  curve  (W. L esse r, persona l 
com m un ica tion ).
The e f fe c t  o f ImM Co on th e  N shaped I -V  r e la t io n s h ip  o f th e  Cl
neurone was te s te d . F ig u re  3 .27 shows the  I -V  r e la t io n s h ip s  o f a Cl
neurone reco rded  in  c o n tro l and ImM Co s o lu t io n s .  O nly a ve ry  sh a llow
N shape in  th e  I -V  curve  o f t h is  Cl neurone was a p p a re n t in  c o n tro l
2+c o n d it io n s .  T h is  was f u r th e r  f la t te n e d  in  th e  presence o f ImM Co 
io n s , p ro d u c in g  a ro u g h ly  b e l l  shaped d if fe re n c e  ( f ig u r e  3 .2 7 ,B ) .  T h is  
suggested th a t  ImM Co^^ io n s  p a r t i a l l y  b locked  th e  component o f th e  I -V  
curve  w hich i s  a c t iv a te d  by Ca in f lu x .
5^M ve ra pa m il a ls o  appeared to  have a s l ig h t  a f f e c t  on th e  
Ca-dependent component o f the  I -V  curve ( f ig u r e  3 .2 8 ) .  However, th e  
d if fe re n c e  i n  th e  I -V  cu rves in  ve ra pa m il and c o n t r o l ,  a lth o u g h  showing 
a s l ig h t  b e l l  shape, does n o t e x a c t ly  resem ble th e  e f fe c t  o f Ca f re e  
s o lu t io n .  E xperim ents perform ed w ith  50pM ve ra p a m il in d ic a te d  th a t ,  a t  
t h i s  c o n c e n tra t io n , ve rapam il b locked  more than  ju s t  th e  Ca-dependent 
component o f th e  outw ard c u r re n t  (see f ig u r e  3 .2 9 ) .  A com parison o f
Figure 3.27
E ffe c t  o f ImM Co on th e  I -V  r e la t io n s h ip  o f  th e  Cl 
neurone. A, I -V  r e la t io n s h ip s  o f a Cl neurone o b ta in e d  by 
s te p p in g  Vm from  a h o ld in g  p o te n t ia l  o f  -50mV to  
d e p o la r is e d  p o te n t ia ls ,  f o r  a d u ra t io n  o f  100ms, as 
d e sc rib e d  p re v io u s ly .  #  -  c o n t ro l s o lu t io n .  □ -  ImM Co 
s o lu t io n .  The I -V  cu rve  was f la t t e n e d  i n  th e  presence o f 
ImM Co. The d if fe re n c e  between c o n t ro l and Co s o lu t io n s  
i s  shown in  graph B on an expanded s c a le . A b e l l  shaped 
d if fe re n c e ,  s im i la r  to  th a t  o b ta in e d  w ith  n o m in a lly  ze ro  
Ca s o lu t io n  was seen.
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E ffe c t  o f 5^M ve rapam il on th e  I -V  r e la t io n s h ip  o f 
th e  Cl neurone. A, I -V  re la t io n s h ip s  o b ta in e d  by s te p p in g  
Vm from  a h o ld in g  p o te n t ia l  o f -50mV to  d e p o la r is e d  
p o te n t ia ls  f o r  a d u ra t io n  o f 100ms as d e s c r ib e d  b e fo re . 
#  -  C o n tro l.  □ -  5fiM v e ra p a m il. The I -V  r e la t io n s h ip  was 
s l ig h t l y  f la t te n e d  i n  th e  presence o f 5 ^  v e ra p a m il.  B, 
graph showing th e  d if fe re n c e  between c u r re n ts  reco rded  in  
c o n tro l and ve ra pa m il s o lu t io n s .  The s l ig h t  b e l l  shaped 
appearance o f the  d if fe re n c e  suggests th a t ,  a t  le a s t  p a r t  
o f  th e  outw ard c u r re n t  b locked  may be th e  Ca-dependent K 
c u r re n t.
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E ffe c t  o f  50^M v e ra p a m il on th e  I - V  r e la t io n s h ip  o f  
th e  Cl neurone. A, I -V  r e la t io n s h ip s  o f  a 01 neurone 
o b ta in e d  by s te p p in g  Vm from  a h o ld in g  p o te n t ia l  o f  -50mV 
to  d e p o la r is e d  p o te n t ia ls  f o r  a d u ra t io n  o f  100ms as 
b e fo re . #  -  c o n t r o l .  Cl -  50^M v e ra p a m il. The I-V
r e la t io n s h ip  o f  th e  01 neurone was g r e a t ly  f la t te n e d  in  
th e  presence o f 50/iM v e ra p a m il. B, graph show ing th e  
d if fe re n c e  between c u r re n ts  in  c o n t ro l and 50^M ve ra pa m il 
s o lu t io n s .  U n lik e  th e  d if fe re n c e s  observed in  Oo and low  
Oa s o lu t io n s ,  th e  d if fe re n c e  i n  50pM ve ra pa m il was n o t 
b e l l  shaped and suggested t h a t  o th e r  outw ard  c u r re n ts ,  in  
a d d it io n  t o  th e  Oa-dependent K c u r re n t  were b lo cked .
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th e  e f fe c ts  o f 5 and 50pM ve ra pa m il on th e  c u r re n ts  reco rded  f ra n  the  
Cl neurone i s  shown in  f ig u r e  3 .3 0 . W h ils t  5^M ve ra pa m il o n ly  produced 
a ve ry  s l ig h t  re d u c t io n  o f th e  c u rre n ts , 50^M ve ra p a m il g re a t ly  reduced 
th e  outward c u r re n ts ,  even a t  ve ry  d e p o la r is e d  p o te n t ia ls  (+150mV), 
where th e  Ch-dependent component o f th e  outw ard c u r re n t shou ld  be 
n e g l ig ib le .  T h is  suggested th a t  5 0 ^  ve ra pa m il had an n o n s p e c if ic  
e f f e c t ,  b lo c k in g  outw ard  c u r re n ts  w hich d id  n o t depend on th e  in f lu x  o f 
Ca^^ io n s .
The r e s u l t s  o f the  expe rim en ts  w ith  Co and Ca f re e  s o lu t io n s  show 
th a t  th e  sh a llo w  N shaped component o f th e  I -V  cu rve  o f th e  Cl neurone 
i s  most l i k e l y  to  be the  Ca-dependent K c u r re n t  d e sc rib e d  by Meech and 
Standen (1 9 7 5 ). The e f fe c t  o f 5-HT on t h is  component o f th e  I -V  curve 
was th e re fo re  te s te d .  In  5 ou t o f 12 e xpe rim en ts  5-HT (50^M) caused a 
f la t t e n in g  o f  th e  sh a llow  N shaped I -V  r e la t io n s h ip  o f th e  Cl neurone. 
In  the  ra n a in in g  7 e xpe rim en ts , no e f fe c t  o f  5-HT on th e  I -V  curve  a t  
ve ry  d e p o la r is e d  p o te n t ia ls  was observed. In  3 o f  th e  c e l ls  i n  w h ich  a 
f la t t e n in g  o f  th e  I -V  r e la t io n s h ip  was a p p a re n t, th e  d if fe re n c e  between 
th e  re co rd s  in  5-HT and c o n tro l s o lu t io n s  was a c le a r  b e l l  shaped 
r e la t io n s h ip  as seen w ith  Ca f r e e  s o lu t io n .  F ig u re  3*31 shows one such 
e xpe rim en t. The s im i la r i t y  between th e  e f fe c t  o f th e  5-HT s o lu t io n  and 
Ca f re e  s o lu t io n  suggested th a t ,  in  t h i s  c e l l ,  5-HT reduced th e  
Ca-dependent K c u r re n t .  In  2 o th e r e xpe rim en ts  where 5-HT f la t te n e d  
th e  I-V  curve o f th e  Cl neurone a p lo t  o f th e  d if fe re n c e  between 5-HT 
and c o n tro l re c o rd s  was o n ly  s l i ^ t l y  b e l l  shaped and resem bled th e  
e f fe c t  o f 5pM v e ra p a m il (see f ig u r e  3 .2 8 ) .  These r e s u l t s  suggested 
th a t  5-HT may have e f fe c te d  a n o th e r c u rre n t in  a d d it io n  to  th e  
Ca-dependent K c u r re n t  in  these  c e l ls .
F ig u re  3 . 3 0
Comparison o f th e  e f fe c ts  o f 5 and 50^M ve ra pa m il on 
c u r re n ts  e l i c i t e d  f r a n  the  Cl neurone by 100ms 
d e p o la r is in g  s tep s  f r a n  a h o ld in g  p o te n t ia l  o f  -50mV. A, 
c u r re n ts  reco rded  in  c o n tro l and 5/iM v e ra p a m il s o lu t io n s .  
No pronounced N shape was observed under c o n tro l 
c o n d it io n s  in  t h i s  Cl neurone. In  th e  presence o f 5/iM 
ve ra p a m il th e  outward c u r re n ts  e l i c i t e d  were o n ly  s l i g h t l y  
reduced. The c u r re n ts  shown correspond to  command 
p o te n t ia ls  to ,  30, 50, 70 , 90, 110, 130, 150 and 170mV in  
ascend ing  o rd e r .  B, c u r re n ts  e l i c i t e d  from  a d i f f e r e n t  Cl 
neurone by th e  same d e p o la r is in g  s te p s . Again no 
pronounced N shape was observed under c o n t ro l c o n d it io n s .  
In  th e  presence o f 50^M ve ra pa m il th e  outw ard  c u r re n ts  
were m arked ly  reduced when measured a t  th e  end o f th e  
s te p . The shape o f th e  c u rre n ts  was a ls o  changed. They 
reached a peak in  th e  f i r s t  5ms th e n  decayed th ro u g h o u t 
th e  fo l lo w in g  50ms to  a lo w e r steady s ta te  le v e l .  The 
f i n a l  c u r re n t co rrespond ing  to  th e  s tep  to  170mV is  
m is s in g  i n  th e  50^M ve ra p a m il re c o rd  because th e  c e l l  d ie d  
on t h i s  s te p .
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F ig u re  3 .3 1
E ffe c t  o f  5ppM 5-HT on th e  I -V  r e la t io n s h ip  o f  th e  Cl 
neurone. A, I -V  r e la t io n s h ip s  o b ta in e d  by s te p p in g  Vm
fra n  a h o ld in g  p o te n t ia l  o f  -50mV to  d e p o la r is e d
p o te n t ia ls  f o r  a d u ra t io n  o f  100ms as b e fo re . # -  C o n tro l.  
□  -  50;aM 5-HT. The N shape o f  th e  I -V  r e la t io n s h ip  i s
s l ig h t l y  f la t te n e d  i n  th e  presence o f  50jjM 5-HT. B, graph 
showing th e  d if fe re n c e  between c u r re n ts  i n  c o n tro l and 
50^M 5-HT s o lu t io n s  on an expanded s c a le . The d if fe re n c e  
i s  r o u ^ l y  b e l l  shaped, w ith  a peak a t  abou t +80mV, 
sugges ting  th a t  5-HT reduces a Ca-dependent K c u r re n t .
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The la c k  o f  e f f e c t  o f 5-HT on th e  I-V  curves o f  seme Cl neurones 
was d i f f i c u l t  to  e x p la in , s ince  5-HT always induced  an inw ard  c u rre n t 
when th e  01 neurone was h e ld  a t  steady s ta te  d e p o la r is e d  p o te n t ia ls ,  
between -40  and -lOmV. T ests  us ing  m ethylene b lue  dye suggested th a t  
th e  p e r fu s io n  system caused an adequate exchange o f s o lu t io n .  In  
e xpe rim en ts  where the  c o n c e n tra t io n  o f 5-HT was in c re a se d  to  500^M, 
some c e l ls  s t i l l  showed no f la t t e n in g  o f the  I -V  re la t io n s h ip .
3 .1 0 .2  EFFECT OF VERAPAMIL ON THE RESPONSE TO lONOPHORESED 5-HT
The Ca-dependency o f th e  5-HT response was f u r t h e r  in v e s t ig a te d  
u s in g  a s in g le  e le c tro d e  v o lta g e  clamp techn ique  to  study the  response 
to  ionophoresed  5-HT in  Cl neurones h e ld  a t  a steady s ta te  d e p o la ris e d  
le v e l .  The fo l lo w in g  s e c tio n s  desc ribe  some expe rim en ts  perform ed 
u s in g  t h is  te c h n iq u e . The Dagan s in g le  e le c tro d e  v o lta g e  clamp system 
was s u ita b le  f o r  these expe rim en ts  s in ce  the  c u r re n t re q u ire d  to  be 
passed was le s s  tha n  25nA and th e  responses s tu d ie d  were r e la t i v e ly  
s low .
P rev ious  expe rim en ts  had shown th a t  th e  Ca c u r re n t  b lo c k in g  agen t 
Co (ImM) m arked ly reduced th e  s iz e  o f th e  inw ard  c u r re n t  response to  
5-HT in  a v o lta g e  clamped Cl neurone (Barnes, C o t t r e l l  and Dunbar, in  
p re p a ra t io n ) .  The e f fe c t  o f th e  o rg a n ic  Ca c u r re n t  b lo c k in g  a gen t, 
ve ra pa m il on th e  5-HT response o f the  Cl neurone was in v e s t ig a te d .  The 
expe rim en ts  above suggested th a t  50^M ve rapam il b locked  o th e r outward 
c u r re n ts  in  a d d it io n  to  th e  K c u r re n t a c t iv a te d  by Ca in f lu x  d u r in g  
d e p o la r is a t io n .  At t h is  c o n c e n tra t io n  ve ra pa m il w ould  be expected to
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s ig n i f ic a n t ly  reduce the  Ca c u r re n t  o f H e lix  neurones (A ka ike , Brown,
N is h i and Tsuda, 1981). However, n o n s p e c if ic  a c t io n s  o f ve rapam il have
a ls o  been re p o rte d  (Gola and Ducreux, 1985). E a r l ie r  experim en ts  had
shown th a t  lOpM ve rapam il had no e f fe c t  on th e  response to  5-HT
(Barnes, C o t t r e l l  and Dunbar, in  p re p a ra t io n ) .  In  the  experim en ts
perform ed in  t h is  s tu d y , p e r fu s in g  th e  p re p a ra t io n  w ith  a s o lu t io n
c o n ta in in g  50pM ve rapam il had no e f fe c t  on th e  response to  ionophoresed
5-HT (see f ig u r e  3 .3 2 ) .  The la c k  o f  e f fe c t  o f t h i s  c o n c e n tra t io n  o f
ve rapam il (w h ich  would be expected to  s ig n i f i c a n t ly  reduce th e  Ca
c u rre n t)  suggested th a t  the  response to  5-HT in  th e  Cl neurone may no t
2+depend on th e  in f lu x  o f Ca io n s  d u r in g  d e p o la r is a t io n .
3 .1 0 .3  EFFECT OF PROLONGED EGTA INJECTION
I n t r a c e l lu la r  in je c t io n  o f  BGTA was made by io n o p h o re s is  from  
double b a r re l le d  0 e le c tro d e s . Both b a r re ls  o f the  e le c tro d e  
con ta in ed  0.25M EG TA d is s o lv e d  in  0.5M KOH to  a pH o f 7 .0 .  The use o f 
double b a r re l le d  e le c tro d e s  p reven ted  a r te fa c ts  due to  th e  in je c t io n  o f 
oh”  io n s . EGTA was in je c te d  in t o  the  c e l l  by pass ing  a c u r re n t  o f 
lOOnA between the  two b a r re ls  f o r  about 15min.
Prolonged in t r a c e l l u la r  in je c t io n  o f the  Ca c h e la t in g  a g e n t, EGTA, 
would be expected to  reduce the  Ca-dependent K c u r re n t  by c h e la t in g  
Ca^^ io n s  w h ich  ente red  th e  c e l l  d u r in g  d e p o la r is a t io n .  I n je c t io n  o f 
BGTA has been used to  b lo c k  th e  Ca-dependent K c u r re n t  in  m o lluscan  
neurones (D e te rre , a t  â l»  1982; Kehoe, 1985b). A response, which was 
due to  a decrease o f t h is  c u r re n t,  should  th e re fo re ,  be reduced a f t e r  
in je c t io n  o f EGTA. A f la t t e n in g  o f  the  I -V  r e la t io n s h ip  o f  th e  c e l l
F i g u r e ‘3 . 3 2
The la c k  o f  e f fe c t  o f 50pM v e ra p a m il on th e  response 
to  5-HT in  a v o lta g e  clamped Cl neurone. Responses to  
io n o 0 io r e t ic a l ly  a p p lie d  5-HT ) a re  ^ o w n  from  a Cl 
neurone a t  h o ld in g  p o te n t ia ls  o f  -3 0 , -2 5  and -20mV, in
c o n tro l c o n d it io n s  and i n  th e  presence o f 50;iM v e ra p a m il.  
The response to  5-HT was u n a ffe c te d  i n  s a lin e  c o n ta in in g  
50pM v e ra p a m il. The o cca s io n a l downward s p ik e s  seen i n  
these tra c e s  a re  p ro ba b ly  undam ped axona l a c t io n  
p o te n t ia ls .
50jjM verapamilcontrol
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-20
5nA
80s
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would a ls o  be expected  under these c o n d it io n s . No c o n s is te n t e f fe c t  o f 
EGTA in je c t io n  on th e  I -V  r e la t io n s h ip  o f the  Cl neurone between -80 
and -lOmV was observed . T h is  may be because a t  these p o te n t ia ls  th e  
Ca-dependent component o f the  outw ard c u rre n t was n o t s u b s ta n t ia l.  In
th e  example shown in  f ig u r e  3 .3 3 ,A, no e f fe c t  o f EGTA in je c t io n  on the
I-V  cu rve  was a p p a re n t.
D e s p ite  th e  la c k  o f e f fe c t  o f BGTA in je c t io n  on th e  I-V  
r e la t io n s h ip  o f  th e  Cl neurone, an e f fe c t  on th e  response to  
ionophoresed  5-HT was observed. In  7 o u t o f 10 experim en ts  th e
response to  5-HT a t  -lOmV was reduced. However, o fte n ,  as in  the
example shown in  f ig u r e  3 .3 3 , th e  response to  5-HT a t  le s s  d e p o la rise d  
p o te n t ia ls  was e i t h e r  in c re a se d  o r u n a ffe c te d .
3 .1 0 .4  EFFECT OF INTRACELLULAR Ca INJECTION
I f  th e  response to  5-HT was due to  a decrease in  a Ca-dependent K 
c u r re n t ,  a c t iv a t in g  t h i s  c u r re n t  by in c re a s in g  th e  in t r a c e l l u la r  le v e l 
o f Ca w ou ld  be expected  to  enhance th e  response . Ca^^ io n s  were 
in je c te d  in t o  th e  Cl neurone by io n o p h o re s is  frcxn a s in g le  b a r re lle d  
e le c tro d e  w h i ls t  th e  c e l l  was h e ld  under v o lta g e  clamp a t  -40  o r 
-30mV. T h is  evoked an outw ard  c u r re n t .  The in je c t io n  o f  Ca^^ io n s  was 
sometimes re p ea ted  in  an a tte m p t to  o b ta in  a s ta b le  Ca-dependent 
outw ard  c u r re n t .  However, in  most cases th e  outw ard  c u rre n t r a p id ly  
decayed a f t e r  an i n i t i a l  r is e .  T h is  was p ro ba b ly  due to  in t r a c e l l u la r  
Ca s e q u e s tra t io n  (Rose and Low enste in , 1975). The outward c u rre n t 
evoked by Ca in je c t io n  in  th e  Cl neurone has been shown to  be a 
Ca-dependent K c u r re n t  ( C o t t r e l l ,  1982c; C o t t r e l l ,  Davies and Green,
F ig u re  3 . 3 3
The e f fe c t  o f p ro longed  in t r a c e l l u l a r  EGTA in je c t io n  
on th e  I - V  r e la t io n s h ip  o f  th e  Cl neurone and th e  response 
to  ionophoresed  5-HT. A, I -V  re la t io n s h ip s  re co rd ed  in  
c o n t ro l c o n d it io n s  ( • )  and a f t e r  15min in je c t io n  o f  EGTA 
( □ ) .  EGTA was in je c te d  by io n o p h o re s is , frcm  a double 
b a r r e l le d  e le c tro d e  c o n ta in in g  0.25M EGTA, u s in g  a c u r re n t 
o f  lOOnA. In  t h i s  example ve ry  l i t t l e  change in  th e  I-V  
cu rve  a f t e r  th e  in je c t io n  o f EGTA was observed. B, a p lo t  
o f the  5-HT response am p litud e  a g a in s t h o ld in g  p o te n t ia l  
f o r  th e  same Cl neurone b e fo re  ( # ) ,  and a f t e r  ( □  ) EGTA 
in je c t io n .
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1984).
The response to  ionophoresed  5-HT was examined b e fo re  and a f t e r
th e  in je c t io n  o f Ca^^ io n s .  In  th e  8 expe rim en ts  perfo rm ed, no
2+enhanoement o f th e  5-HT response a f t e r  th e  in je c t io n  Ca io n s  was 
observed. Examples o f two expe rim en ts , in  w h ich  no c le a r  in c re a s e  in  
th e  am p litud e  o f th e  5-HT response was observed a f t e r  Ca in je c t io n ,  a re  
shown in  f ig u r e  3 .3 4 . In  bo th  o f these examples la r g e r  responses to  
5-HT co u ld  be evoked by a f u r t h e r  d e p o la r is a t io n  o f th e  c e l l .
3 .1 0 .5  EFFECT OF A LOW Ca SOLUTION
In  a f u r th e r  a tte m p t to  dete rm ine  th e  Ca-dependency o f th e  5-HT 
response, th e  e f fe c t  o f p e r fu s in g  th e  p re p a ra t io n  in  a n o m in a lly  ze ro  
Ca s o lu t io n  was examined. N om ina lly  ze ro  Ca s o lu t io n s  co n ta in e d  no 
added C a d ^ and an e x tra  7mM MgCl^ o r l4mM NaCl to  m a in ta in  
o s m o la r ity .  R e su lts  from  these experim en ts  were co n fu s in g  s in ce  the  
response was in c re a se d  i f  th e  c e l l  was h e ld  under v o lta g e  clamp, but 
was i r r e v e r s ib ly  d im in is h e d  i f  th e  lew Ca s o lu t io n  was pe rfused  th rough  
w h ile  th e  c e l l  was under c u r re n t  clamp c o n d it io n s .  These c o n f l i c t in g  
r e s u l t s  may have been due to  problem s w ith  a change in  th e  su rface  
charge o f the  membrane when th e  c e l l  was p e rfu se d  in  a low  Ca 
s o lu t io n .  I f  th e  K c u r re n t reduced by 5-HT was dependent on th e  in f lu x  
o f io n s  f o r  a c t iv a t io n ,  one would expect th e  5-HT response to  be
reduced when th e  e x t r a c e l lu la r  Ca c o n c e n tra t io n  was low e red . 
Experim ents desc ribe d  above on th e  Ca-dependent N shape o f th e  I-V  
curve  suggested th a t  p e r fu s in g  th e  p re p a ra tio n  w ith  a n o m in a lly  ze ro  Ca 
s o lu t io n  s ig n i f ic a n t ly  reduced th e  Ca-dependent K c u r re n t .
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3.11 INVOLVEMENT OF AN INTRACELLULAR MESSENGER IN THE 5-HT RESPONSE
The a b i l i t y  o f  5-HT to  reduce the  a c t i v i t y  o f K channels when 
a p p lie d  to  th e  01 neurone, fra n  o u tw ith  th e  pa tch  p ip e t te ,  suggested 
th e  in vo lve m e n t o f an in t r a c e l l u la r  messenger in  th e  response. The 
p o s s ib le  r o le  o f a c y c l ic  n u c le o tid e  in  m e d ia tin g  th e  response was 
in v e s t ig a te d  u s in g  phosphod ieste rase  in h ib i t o r s .  These substances 
i n h ib i t  the  breakdown o f c y c l ic  n u c le o tid e s  by in t e r f e r in g  w ith  th e  
phosphod ies te rase  enzyme.
P e rfu s in g  th e  p re p a ra tio n  w ith  lOjuM th e o p h y ll in e  induced an inw a rd  
c u r re n t in  a v o lta g e  clamped Cl neurone, h e ld  a t  a d e p o la rise d  
p o te n t ia l .  D u rin g  th e  th e o p h y ll in e  induced in w a rd  c u r re n t  th e  response 
to  io n o p h o re t ic a l ly  a p p lie d  5-HT was a tte n u a te d  (see f ig u r e  3 .3 5 ) .  
Exposure o f th e  p re p a ra tio n  to  O.ImM IB MX a ls o  produced an inw ard  
c u rre n t i n  a Cl neurone h e ld  a t  a d e p o la ris e d  p o te n t ia l .  T h is  e f fe c t  
was seen as a f la t t e n in g  o f th e  I -V  curve and was accompanied by a 
re d u c t io n  in  th e  s iz e  o f th e  5-HT response ( f ig u r e  3 .3 6 ) .  These 
r e s u l t s  may be e x p la in e d  in  term s o f a basal le v e l  o f  c y c l ic  n u c le o tid e  
p ro d u c tio n  in  th e  Cl neurone. The a c t io n  o f th e o p h y ll in e  and IBMX may 
be to  in c re a s e  th e  basa l le v e l o f c y c l ic  n u c le o t id e s .  The c y c l ic  
n u c le o t id e s  may th e n  reduce th e  K c u rre n t o f th e  Cl neurone.
In  one Cl neurone, in  w h ich  no f la t t e n in g  o f  th e  I -V  curve was 
app a re n t, th e  response to  5-HT was p ro longed d u r in g  p e r fu s io n  w ith  
O.ImM IB MX ( f ig u r e  3 .3 7 ) .  The in c re a se  in  th e  d u ra t io n  o f th e  response 
co u ld  be due to  th e  p re v e n tio n  o f the  breakdown o f  a, 5 -H T-induced,
F ig u re  3 . 3 5
E ffe c t  o f  lO^M th e o 0 iy l l in e  on th e  inw a rd  c u r re n t  
response to  5-HT. The upper tra c e  shows c o n tro l responses 
to  io n o p h o r e t ic a l ly  a p p lie d  5-HT (▼ ) in  a Cl neurone, 
vo lta g e -c la m p e d  to  -BOmV. The m id d le  tra c e  shows two 
responses in  th e  presence o f th e o p h y ll in e .  The f i r s t  
response was o b ta in e d  3 .5m in  a f t e r  changing th e  p e r fu s in g  
s o lu t io n  to  th e o p h y ll in e  and th e  second response was 
o b ta in e d  5min a f t e r  changing s o lu t io n s .  P e rfu s io n  w ith  
th e o p h y ll in e  induced  an inw a rd  c u r re n t o f  -2 .5 n A . 
Recovery o f  th e  5-HT response a f t e r  around lOmin wash in  
c o n tro l s o lu t io n  i s  shown in  th e  lo w e r t ra c e .
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E ffe c t  o f 0,1 mM IB  MX on th e  I -V  r e la t io n s h ip  o f  th e  
Cl neurone and th e  inw a rd  c u r re n t  response to  5-HT. A, 
I -V  re la t io n s h ip s  o f th e  Cl neurone in  c o n tro l ( •  ) and 
IB MX ( O ) s o lu t io n s .  A s l i j ^ t  f la t t e n in g  o f  th e  I -V  cu rve  
a t  Vh= -25mV in  th e  presence o f IB MX i s  appa ren t i n  t h i s  
example. B, re d u c t io n  i n  th e  a m p litu d e  o f th e  response to  
ionophoresed  5-HT (▼ ) on p e r fu s io n  w ith  0.1 mM IB  MX f o r  
5m in. Upper re c o rd , Vh= -30mV. Lower re c o rd , Vh= -25mV. 
A recove ry  o f th e  5-HT response was seen on w ash ing  
th rough  c o n tro l s o lu t io n  f o r  lO m in. These re c o rd s  w ere 
o b ta in ed  from  the  same c e l l  as i n  p a r t  A.
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An example were 0.1 mM IBMX had no e f fe c t  on th e  I -V  
r e la t io n s h ip  o f  th e  Cl neurone, b u t caused an in c re a se  in  
th e  d u ra t io n  o f  th e  response to  ionophoresed  5-HT . A, 
I -V  re la t io n s h ip s  o f  the  01 neurone i n  c o n tro l ( • )  and 
IBMX ( □ ) s o lu t io n s .  B, responses to  ionophoresed  5-HT 
(▼ ) in  th e  same 01 neurone as in  p a r t  A above. 
Vh=-30mV. The response to  5-HT was p ro longed  a f t e r  5m in 
p e r fu s io n  w ith  0 .1 mM IBMX. T h is  e f f e c t  was p a r t i a l l y  
re v e rs ib le  on w ash ing  th rough  w ith  c o n t ro l s o lu t io n .
-80
-60 -40
Vm CmV]
control 0.1 mM IBMX wash
30s
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in c re a se  in  c y c l ic  n u c le o t id e s . T h is  e f fe c t  was observed on o n ly  one 
o ccas ion .
I n t r a c e l lu la r  in je c t io n  o f cAMP has been shown to  decrease th e  
nunber o f K channels open in  c e ll-a t ta c h e d  patches o f  A p lv s ia  sensory 
neurones (S iegelbaum , e t  a l^  1982). cAMP may m ed ia te  the  5-HT response 
o f  these c e l ls  ( B r u n e l l i ,  ^  a l ,  1976). The 5-HT response i n  seme 
H e lix  neurones has a ls o  been re p o r te d  to  be m ed ia ted  by cAMP (D e te rre , 
e t  a l . 1981 ;1982). The p o s s ib i l i t y  th a t  cAMP may be capab le  o f 
m e d ia tin g  th e  5-HT response in  th e  Cl neurone was in v e s t ig a te d  by 
in je c t in g  cAMP in to  v o lta g e  clamped 01 neurones. Q rc l ic  AMP was
in je c te d  by io n o p h o re s is  from  double  b a r re l le d  0 g la s s  e le c tro d e s . 
Both b a r re ls  were f i l l e d  w ith  0.1M cAMP d is s o lv e d  i n  0.1M KOH to  pH 7 . 
A c u rre n t o f 80nA was passed between th e  b a r re ls  to  in je c t  cAMP in t o  
th e  c e l l .  F ig u re  3*38 shows th e  inw a rd  c u r re n ts  induced  by 3 o r 5s 
in je c t io n s  o f cAMP. T h is  inw a rd  c u r re n t was n o t app a re n t a t  
h y p e rp o la r is e d  p o te n t ia ls ,  bu t was o n ly  observed in  c e l ls  h e ld  a t  
d e p o la r is e d  p o te n t ia ls .  However, i t  was n o t p o s s ib le  to  o b ta in  a 
r e la t io n s h ip  f o r  th e  response am p litude  a g a in s t h o ld in g  p o te n t ia l  
because th e  response to  cAMP d e c lin e d  w ith  r e p e t i t iv e  in je c t io n s  (see 
f ig u r e  3 .3 8 ,A ). M oreover, i f  th e  d u ra t io n  o f th e  in je c t io n  c u r re n t  was 
lo n g e r  than  4 o r 5s, a p ro longed  inw a rd  c u r re n t,  as seen in  f ig u r e  
3 .3 8 ,B , was produced. F u rth e r in je c t io n  o f cAMP d u r in g  t h i s  p ro longed  
inw a rd  c u r re n t  d id  n o t e l i c i t  a response. The m a in ta in e d  in w a rd  
c u r re n t,  and d e c lin e  o f th e  response w ith  repea ted  in je c t io n ,  suggested 
th a t  the  a c t io n s  o f cAMP and 5-HT may be d i f f e r e n t .
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3 .12  SINGLE CHANNEL CURRENTS OF THE A AND M NEURONES AND THE EFFECT OF 
5-HT
A v o lta g e -dependent response to  5-HT, s im i la r  to  th a t  seen in  the
Cl neurone, was e a r l ie r  shown to  be evoked i n  th e  A neurone o f the
bucca l g a n g lio n  by, bo th  s y n a p t ic a l ly  re le a s e d , and exogenously 
a p p lie d , 5-HT ( C o t t r e l l ,  1971 ; 1981 ; 1982b). A s im i la r  response was a ls o  
found  in  th e  M neurone o f th e  bucca l g a n g lio n , in  c o n ju n c tio n  w ith  a 
f a s t  Na-dependent d e p o la r is a t io n  ( C o t t r e l l ,  1982b). I t  was th e re fo re  
o f in te r e s t  to  de te rm ine  i f  th e  K channels p re se n t in  th e  Cl neurone
were p resen t in  th e  A and M neurones, and i f  t h e i r  a c t i v i t y  was
a ffe c te d  by the  a p p l ic a t io n  o f 5-HT.
Outward channel c u r re n ts  were reco rded  from  c e ll-a t ta c h e d  patches 
o f  th e  A neurone. A t le a s t  two s iz e s  o f outw ard channel c u r re n ts  were 
observed in  patches frcm  th e  A neurone. An example o f these i s  shown 
in  f ig u r e  3 .3 9 ,B . The s m a lle r  o f these u n i ta r y  ou tw ard  c u r re n ts  were 
more f re q u e n t ly  observed and t h i s  enabled an 1-V r e la t io n s h ip  o f  them 
to  be c o n s tru c te d . F ig u re  3 .3 9 ,A shows an 1-V r e la t io n s h ip  o f these 
channe ls . U n lik e  th e  u n ita ry  outward c u r re n ts  reco rded  on th e  Cl
neurone, these  s in g le  channel outward c u r re n ts  d id  re ve rse  a t
h y p e rp o la r is e d  patch  p o te n t ia ls .  A l in e  draw by eye th rough  th e  data 
p o in ts  suggested a re v e rs a l p o te n t ia l  o f  about -50raV. T h is  i s  more 
p o s i t iv e  than  th e  c a lc u la te d  E v a lu e , o f -74.4m V, assum ing an in te r n a l  
K c o n c e n tra t io n  o f 98mM. T h is  1-V r e la t io n s h ip  co u ld  th e re fo re  not be 
f i t t e d  by th e  th e o r e t ic a l r e la t io n s h ip  c a lc u la te d  f r a n  th e  GHK e q u a tio n  
f o r  a K c u r re n t  and i t  was concluded th a t  these channe ls  were d i f f e r e n t
F ig u re  3 . 3 9
U n ita ry  outward c u r re n ts  reco rded  from  a 
c e l l - a t ta c h e d  patch  o f an A neurone. A, I -V  r e la t io n s h ip  
o f  th e  commonly observed s in g le  channel c u rre n ts . The 
l i n e  was f i t t e d  to  th e  p o in ts  by eye and shows a re v e rs a l 
o f  the  u n i ta r y  outw ard c u r re n ts  a t  a patch p o te n t ia l o f 
about -50mV. Vm, measured a t  th e  end o f  t h i s  experim en t, 
u s in g  th e  patch  p ip e t te ,  was -49mV. B, re c o rd  f ro n  a 
d i f f e r e n t  A neurone, showing th e  e x is te n ce  o f two s iz e s  o f 
u n i ta r y  ou tw ard  c u r re n ts  on a c e l l-a t ta c h e d  p a tch . Vp=OmV 
in  t h i s  re c o rd . The s m a lle r outward c u r re n ts  o f about 
1 .5pA a t  t h i s  p o te n t ia l  a re  e q u iv a le n t to  those 
re p re s e n te d  in  th e  I -V  r e la t io n  o f  p a r t  A. Vm in  t h is  
c e l l  was re co rd ed  as -45mV a t  th e  end o f  th e  experim en t.
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frcan the  l4pS and 54pS K channels reco rded  i n  c e l l  a ttached  patches o f 
the  Cl neurone. The I-V  r e la t io n s h ip  o f these channels was more l in e a r  
and th e  s lope  conductance a t  +10mV was around 37pS. The I-V  
r e la t io n s h ip  o f  these channels suggested th a t  th e  c u rre n t f lo w  was no t 
c a r r ie d  s o le ly  by io n s . Since t h e i r  re v e rs a l p o te n t ia l was nea re r 
to  th a n  th e  s in g le  channel c u r re n ts  reco rded  in  th e  A neurone
may have been Cl channe ls . A l te r n a t iv e ly ,  they may be a type  o f 
channel w h ich  i s  la r g e ly  s e le c t iv e  to  io n s , bu t a ls o  a llo w s  th e  f lo w  
o f an a p p re c ia b le  amount o f Na^ io n s .
A p p lic a t io n  o f  10 M 5-HT on to  th e  A neurone, w h i ls t  re c o rd in g  
from  a c e l l- a t ta c h e d  p a tch , produced an in c re a s e  in  th e  a c t i v i t y  o f 
these channe ls  in  4 ou t o f 6 experim en ts  (see f ig u r e  3 .4 0 ) .  An 
in c re a s e  in  th e  a c t i v i t y  o f outward channels upon a p p lic a t io n  o f 5-HT 
was n o t expected frcsn th e  r e s u l t s  o f in t r a c e l l u la r  re c o rd in g , in  which 
a d e p o la r is in g  response to  5-HT i s  seen. The in c re a se d  a c t i v i t y  o f 
these  channels shou ld  be m a n ife s t as a h y p e rp o la r is a t io n  a t  d e p o la ris e d  
p o te n t ia ls .  The p o s s ib le  e x p la n a tio n  f o r  these  re s u lts  s h a l l  be 
rev iew ed  i n  th e  d is c u s s io n .
S in g le  channel c u rre n ts  were reco rded  from  c e ll-a t ta c h e d  patches 
o f  th e  M neurone. An I -V  re la t io n s h ip  f o r  these u n ita ry  c u r re n ts  i s  
shown in  f ig u r e  3 .4 1 . T h is  r e la t io n s h ip  co u ld  be f i t t e d  by th e  
th e o r e t ic a l curve c a lc u la te d  frcm  the  GHK e q u a tio n  f o r  a K c u r re n t.  
The v a lu e  o f th e  p e rm e a b ility  c a lc u la te d  from  the  data p o in ts  was 
1.2x10"’ ^ ^c m .^ s "^ . T h is  va lu e  l i e s  between th e  pK v a lu e s  c a lc u la te d  f o r  
the  l4pS  and 54pS u n ita ry  K c u rre n ts  reco rded  from  c e l l-a t ta c h e d  
pa tches o f  the  Cl neurone. However, t h i s  was th e  o n ly  I -V  r e la t io n s h ip
F i g u r e ' s .40
Inc reased  a c t i v i t y  o f  u n i ta r y  ou tw ard  c u r re n ts  o f  th e  
A neurone in  th e  presence o f 5-HT. Records a re  frcm  a 
c e ll-a t ta c h e d  pa tch , a t  a pa tch  p o te n t ia l  o f  OmV. The 
upper tra c e  shows th e  c o n t ro l re co rd  b e fo re  th e  
a p p l ic a t io n  o f  5-HT. The m id d le  tra c e  shows th e  re c o rd in g  
seconds a f t e r  a p p l ic a t io n  o f  10~^M 5-HT by 
m ic ro p e rfu s io n . These re c o rd in g s  a re  from  th e  same patch 
as in  p a r t  B o f f ig u r e  3 .3 9 . The s m a lle r  (1 .5pA ) channe ls  
were a c t iv a te d  by a p p l ic a t io n  o f  5-HT. The lo w e r tra c e  i s  
a s e c tio n  o f re c o rd in g  Im in  a f t e r  removal o f  th e  5-HT 
m ic ro p e rfu s io n  p ip e t te ,  show ing a decrease in  channel 
a c t i v i t y  back to  c o n tro l le v e ls .
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F ig u re  3 .4 1
I -V  r e la t io n s h ip  o f  u n ita ry  outw ard  c u rre n ts  reco rded  
from  a c e l l-a t ta c h e d  patch  o f th e  M neurone. The data 
have been f i t t e d  by th e  th e o r e t ic a l r e la t io n s h ip ,  
c a lc u la te d  frcm  the  GHK e q u a tio n  f o r  a K c u r re n t,  u s in g  a 
p e rm e a b ili ty  va lue  o f 1.24x10” ^^cm ^.s ^ . Vm measured a t  
th e  end o f  the  experim ent w ith  th e  patch p ip e t te  was 
-50mV. The th e o r e t ic a l f i t  was made assum ing an 
in t r a c e l l u la r  K c o n c e n tra t io n  o f 98mM.
single channel 
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F ig u re  3 . 4 2
The e f fe c t  o f 5-HT on u n ita ry  outward c u r re n ts  
re co rd ed  f r e e  a c e l l-a t ta c h e d  pa tch  o f th e  M neurone. The 
upper tra c e  i s  th e  re c o rd in g  under c o n t ro l c o n d it io n s  a t  a 
patch  p o te n t ia l  o f +15mV. The m id d le  tra c e  i s  a s e c tio n  
o f  re c o rd in g  30s a f t e r  m ic ro p e r fu s io n  w ith  5-HT. An 
in c re a s e  in  th e  channel a m p litude  and th e  appearance o f 
e x t r a c e l lu la r ly  reco rded  a c t io n  p o te n t ia ls  were observed. 
The lo w e r tra c e  shows a s e c tio n  o f  re c o rd in g  4min a f t e r  
rem oving th e  5-HT p ip e t te .  The channel a m p litud e  i s  s t i l l  
in c re a se d  above c o n tro l le v e ls  in  t h i s  re c o rd .
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o b ta in e d  fo r  u n ita ry  c u r re n ts  frcm  a c e l l  which was id e n t i f ie d  w ith  
reasonab le  c e r ta in ty  as th e  M neurone.
A p p lic a t io n  o f  5-HT o n to  th e  M neurone, w h i ls t  re c o rd in g  s in g le
channel c u rre n ts  frcm  a c e l l- a t ta c h e d  pa tch , caused a d e p o la r is a t io n  o f
th e  M neurone. T h is  was e v id e n t due to  th e  appearance o f a c t io n  
p o te n t ia ls ,  w hich co u ld  be de tec ted  e x t r a c e l lu la r ly  by th e  patch 
p ip e t te .  The accompararing d e p o la r is a t io n  a ls o  caused an in c re a s e  in  
th e  am p litude  o f the  u n i ta r y  c u rre n ts  ( f ig u r e  3 .4 2 ) .  The membrane 
p o te n t ia l  was n o t m o n ito re d  d u r in g  t h i s  re c o rd in g . The e f fe c t  o f 5-HT 
in  t h is  c e l l  dem onstra tes th e  u n s u i t a b i l i t y  o f th e  c e l l- a t ta c h e d  mode 
o f the  patch clamp tech n iq ue  f o r  stuc^^ing t r a n s m it te r  e f fe c ts  where a 
change in  the  r e s t in g  membrane p o te n t ia l o ccu rs .
3 .13  SUMMARY OF THE RESULTS
A patch clamp s tudy o f u n i ta r y  outward c u r re n ts  in  th e  Cl neurone
was made. S in g le  channel K c u r re n ts  o f l4pS and 54pS were reco rded
-4frcm  c e ll-a t ta c h e d  pa tches o f  th e  01 neurone. 10 M 5-HT caused a 
re d u c t io n  in  th e  t o t a l  open tim e  o f the  la r g e r  channels when a p p lie d  to  
th e  c e l l  from  o u tw ith  th e  patch p ip e t te .  T h is  in d ic a te d  th e  
in vo lvem en t o f an i n t r a c e l l u l a r  messenger.
Both Ch-dependent and C a-independent K channels were re co rd e d  in  
is o la te d  in s id e -o u t  pa tches frcm  th e  01 neurone. These had mean s lope  
conductances o f 50pS and 79pS, re s p e c t iv e ly ,  in  0 iy s io lo g ic a l  K 
g ra d ie n ts . I t  was u n c e r ta in  w hich o f these type s  o f  channel 
corresponded to  th e  54pS K channel, reco rded  from  c e ll- a t ta c h e d
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patches, and whose a c t i v i t y  was decreased by th e  a p p l ic a t io n  o f 5-HT.
V o lta g e  clamp s tu d ie s  were undertaken to  in v e s t ig a te  i f  th e  inw ard  
c u r re n t  response to  5-HT was due to  a decrease in  a Ch-dependent K 
c u r re n t  o r a vo lta g e -d e p e n d e n t K c u r re n t.  The r e s u l t s  o f v o lta g e  clamp 
e xpe rim en ts  were co m p lica te d , su gg e s ting  in  some cases a Ca-de pendency 
and in  o th e r  cases no app a re n t Ca-de pendency. The Ch-dependent
component o f the  I -V  cu rve  was reduced by 5-HT in  seme experim en ts .
I n je c t io n  o f  EGTA reduced th e  response to  5-HT a t  p o te n t ia ls  more 
d e p o la r is e d  tha n  -15mV. However a c o n c e n tra t io n  o f  ve rapam il which 
shou ld  s ig n i f ic a n t ly  reduce th e  Ca c u rre n t had no e f fe c t  on th e  5-HT
response. I n je c t io n  o f Ca^^ io n s  in to  th e  c e l l  ( t o  in c re a se  th e
Ch-dependent K c u r re n t)  a ls o  had no e f fe c t  on th e  inw a rd  c u rre n t 
response to  5-HT.
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DISCUSSION
4.1 GENERAL PROPERTIES OF SINGLE CHANNEL OUTWARD CURRENTS OF THE 
Cl NEURONE
U n ita ry  outw ard c u r re n ts  n o rm a lly  observed in  c e l l- a t ta c h e d  
patches o f the  Cl neurone co u ld  be c la s s i f ie d  in t o  two typ e s  on th e  
b as is  o f  t h e i r  I -V  r e la t io n s h ip s .  For both typ e s  o f  channel these  
r e la t io n s h ip s  were n o n - l in e a r  and cou ld , in  g e n e ra l, be f i t t e d  w ith  
the  th e o re t ic a l r e la t io n s h ip  c a lc u la te d  frcm  th e  GHK e q u a tio n  f o r  a 
K c u r re n t.  The channels were id e n t i f ie d  on th e  b a s is  o f 
p e rm e a b ili ty  va lu es  o r conductance. S ince th e  I -V  r e la t io n s h ip s  
were n o n - l in e a r ,  th e  s lope  conductance a t  +10mV was c a lc u la te d  by 
f i t t i n g  a tan g en t (by eye) t o  th e  curve a t  t h is  p o in t .  The v a lu e s  
o f  s lope  conductance ( g ) ,  under normal p h y s io lo g ic a l c o n d it io n s ,  
and p e rm e a b ili ty  (P^J a re  summarised below.
g(pS) Pjç(cm.^s'"^ )
s m a ll channels 14.2+2*1 6 .7 + 1 .4 x1 0 "^^
la rg e  channels 53*8+3*3 2 .3±0 *4 x10 "^^
The channels in  th e  c e l l- a t ta c h e d  patch were then  re fe r re d  to  as 
l4pS and 54pS channe ls .
The GHK e q u a tio n , used to  f i t  th e  da ta , assumes a c o n s ta n t 
f i e l d  model fo r  membrane r e c t i f i c a t i o n  (Goldman, 1943; H odgkin  and 
Katz, 1949)* T h is  th e o ry  assumes a l in e a r  p o te n t ia l  d rop a c ro s s  
th e  membrane and an independent movement o f io n s . The p e n e tra t io n  
o f  th e  io n s  in t o  th e  membrane i s  independent o f th e  e le c t r i c  f i e l d ,  
w h i ls t  th e  movement th rough  th e  membrane depends on th e  l in e a r
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p o te n t ia l  drop a c ro ss  th e  membrane. In  th e  expe rim en ts  re p o rte d  
here  c e r ta in  assum ptions were made in  o rd e r to  c a lc u la te  th e  
th e o r e t ic a l  r e la t io n s h ip  o f  the  GHK e q u a tio n . A va lu e  o f 98mM was 
assumed f o r  th e  i n t r a c e l l u l a r  K c o n c e n tra t io n  ( c f .  
A lvarez-Lee fm ans and Gamino 1982; C o t t r e l l ,  D avies and Green, 
1984). In  expe rim en ts  in  w h ich  i t  was n o t p o s s ib le  to  measure Vm 
d i r e c t l y ,  a va lue  o f -60mV was assumed f o r  the  r e s t in g  p o te n t ia l o f 
the  01 neurone. T h is  was th e  mean va lue  frcxn 38 expe rim en ts , w ith  
a s tan d a rd  d e v ia t io n  o f  8mV. E rro rs  in  both  o f the  above 
assum ptions may have le a d  t o  th e o r e t ic a l r e la t io n s h ip s  which were 
n o t t ru e  f o r  the  c o n d it io n s  o f the  c e l l .
The slope conductance o f the  channels has been quo ted  
th ro u g h o u t. However, i t  was d i f f i c u l t  to  a c c u ra te ly  f i t  a tangen t 
to  th e  cu rve . An a l t e r n a t iv e  to  q u o tin g  th e  s lope  conductance o f 
th e  channe ls , a t  a g iv e n  p o te n t ia l ,  would have been to  quo te  th e  
chord  conductance from  a z e ro  c u r re n t  p o in t  ( in  t h i s  case assumed 
to  be E ) to  a g ive n  p o te n t ia l .  The chord conductances from  -75mV 
(va lu e  o f Eg assuming an i n t r a c e l l u l a r  K c o n c e n tra t io n  o f 98mM) t o  
+ 10mV were in  th e  range o f 27 to  34 pS f o r  th e  la rg e  channels and 8 
to  9 pS f o r  the  sm a ll channe ls . However, i t  was dec ided  to  use th e  
s lope  conductance a t  +1 OmV to  compare w ith  p re v io u s ly  re p o rte d  K 
channe ls  o f the  Cl neurone ( C o t t r e l l ,  Davies and Green, 1984).
The la rg e  conductance channels reco rded  in  t h i s  study had a 
s im i la r  conductance and p e rm e a b ili ty  to  th e  channe ls  whose a c t i v i t y  
was reduced by ana logues o f th e  n eu ropep tide  FMR.Famide 
(P he-M et-A rg-Phe-N H ^). These channels had a s lope  conductance a t
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+ 10mV o f around 52pS and a Pg va lue  o f 2 .5x10   ^ and were
p ro ba b ly  th e  same channels as reco rded  he re  ( C o t t r e l l ,  Davies and 
Green, 1984). The sm a ll conductance channels re co rd e d  by C o t t r e l l ,  
Davies and Green (1984) had a s l ig h t ly  h ig h e r conductance than  th e  
mean conductance o f the  s m a ll channels s tu d ie d  h e re  (19pS compared 
to  l4 p S ). T h is  may be due to  th e  d i f f i c u l t i e s  i n  m easuring these 
low  conductance channe ls a c c u ra te ly .
4 .2  IONIC NATURE OF THE UNITARY OUTWARD CURRENTS
The u n ita ry  c u r re n ts  reco rded  frcm  c e l l- a t ta c h e d  patches o f 
th e  Cl neurone were outw ards a t  a l l  p o te n t ia ls  a t  w h ich  they were 
observed ( i . e . ,  Vp o f -3 0  to  +6OmV) .  S ince bo th  Na^ and Ca^^ io n s  
have t h e i r  d r iv in g  fo rc e s  d ire c te d  inw ards a t  these  p o te n t ia ls ,  
these outward c u r re n t  even ts  co u ld  n o t have been due to  the  f lo w  o f 
Na^ o r  Ca '^*' io n s . Assuming a va lu e  o f 4.9mM f o r  th e  in te r n a l Na 
c o n c e n tra t io n  and 10 M f o r  th e  in te r n a l  f re e  Ca c o n c e n tra t io n  ( c f  
Meech and Thomas, 1977), E^^ and E ^  w ould  be a t  +76mV and +2l4mV
re s p e c t iv e ly .  A t p o te n t ia ls  more n e g a tive  th a n  these  va lu e s  th e  
f lo w  o f these io n s  w ou ld  r e s u l t  in  an inw ard  c u r re n t .
The inw a rd  f lo w  o f C l”  io n s  o r outward f le w  o f  io n s  co u ld  
both  account f o r  u n ita ry  outward c u rre n ts  a t  th e  p o te n t ia ls  
observed. W ith  an in te r n a l  Cl c o n c e n tra t io n  o f  12mM ( c f .  Thomas, 
1977; Meech and Thtmas, 1977), E^^ would be a p p ro x im a te ly  -53mV.
W h ils t  the  va lue  o f E , assum ing an in te r n a l K c o n c e n tra t io n  o f 
98mM, would be around -75mV. A channel w h ich  a llo w e d  the  f lo w  o f 
Na^ io n s  in  a d d it io n  to  K*** io n s  may a ls o  r e s u l t  i n  u n ita ry  outw ard
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c u r re n ts  a t  these p o te n t ia ls .  C a tion  n o n s e le c tiv e  channels have 
been re p o r te d  i n  o th e r system s (Colquhoun, Neher, Reuter and 
S tevens, 1981; Maruyama and P ete rsen, 1982; Y e lle n , 1982). Ihe  
c a t io n  n o n s e le c tiv e  channels reco rded  by these w o rke rs  had s im i la r  
s e le c t i v i t y  f o r  Na"*^  and io n s , g iv in g  u n i ta r y  c u r re n ts  which 
re ve rse d  a t  around OmV in  normal c o n d it io n s . However, to  e x p la in  
th e  outw ard  c u r re n ts  observed in  th e  01 neurone these channels 
would have to  be s ig n i f i c a n t ly  more permeable to  K th a n  Na. The 
combined e q u il ib r iu m  p o te n t ia l  f o r  these io n s  i s  around OmV in  
normal c o n d it io n s .  C lea r outw ard c u rre n ts  f o r  b o th  the  S4pS and 
l4pS channe ls  were reco rded  a t  OmV patch p o te n t ia l .
The a b i l i t y  to  f i t  th e  I -V  re la t io n s h ip s  o f bo th  the  l4pS and 
54pS channe ls w ith  th e  r e la t io n s h ip s  p re d ic te d  by th e  GHK e q u a tio n  
f o r  a K c u r re n t,  w ith  e x tra p o la te d  re v e rs a l p o te n t ia ls  a t  E , 
suggested th a t  th e  u n ita ry  c u r re n ts  re s u lte d  from  a f lo w  o f K* 
io n s . T h is  was s u b s ta n t ia te d  by the  o b s e rv a tio n  o f u n ita ry  
c u r re n ts  o f  a reduced a m p litu d e  when a h ig h  K s o lu t io n  was p resen t 
in  th e  patch  p ip e t te .  E xpe rim en ts  on is o la te d  o u ts id e -o u t patches 
co n firm e d  th e  io n ic  n a tu re  o f th e  la rg e  channe ls . Sm all channels, 
co rre sp o n d in g  to  th e  14pS channe ls  were no t observed in  o u ts id e -o u t 
membrane pa tches . However, th e  experim ents on c e ll-a t ta c h e d  
pa tches in d ic a te d  th a t  the se , sm a ll s in g le  channel c u r re n ts ,  a re  
p robab ly  due to  th e  f lo w  o f K**" io n s .
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U n ita ry  outward c u rre n ts  reco rded  from  c e ll- a t ta c h e d  patches 
were never observed to  re v e rs e , even a t  p o te n t ia ls  more n e ^ t iv e  
tha n  E_. T h is  cou ld  be e x p la in e d  by r e c t i f i c a t i o n  o f th e  c u rre n t 
f lo w  through  th e  channels, m aking th e  a m p litude  o f u n ita ry  events 
to o  sm all to  be reso lved  above th e  background n o ise  a t  n e g a tive  
p o te n t ia ls .  A lte r n a t iv e ly ,  i t  co u ld  be due to  a v o lta g e -de pendency 
o f  channel g a t in g  which causes th e  channels to  be open a t  
d e p o la ris e d  p o te n t ia ls  but c losed  a t  h y p e rp o la r is e d  p o te n t ia ls .  
Some in c re a se  in  the  p r o b a b i l i t y  o f opening o f th e  54pS channel on 
d e p o la r is a t io n  was observed in  c e ll-a t ta c h e d  patches (see s e c tio n  
4 .5 ) .
4 .2 .1  CHANNELS RECORDED FROM OUTSIDE-OUT MEMBRANE PATCHES
Only th e  la rg e r  u n ita ry  ou tw ard  c u rre n ts  were observed in  
re c o rd in g s  from  is o la te d  o u ts id e -o u t membrane pa tches . In  a l l  
these  expe rim en ts  the  patch p ip e t te  con ta ined  a 96mM K s o lu t io n .  
The re v e rs a l p o te n t ia l o f th e  channels was found to  s h i f t  in  
accordance w ith  the  N ernst e q u a tio n  when th e  K c o n c e n tra t io n  o f th e  
b a th in g  s o lu t io n  was a lte r e d .  When is o la te d  o u ts id e -o u t membrane 
pa tches were bathed w ith  5mM K, in  o rd e r to  m im ic th e  p h y s io lo g ic a l 
K g ra d ie n t,  the  u n ita ry  outw ard  c u rre n ts  r e c t i f i e d  i n  th e  same 
manner as observed in  c e l l-a t ta c h e d  patches. T h is  r e c t i f i c a t i o n  
co u ld  be f i t t e d  by the  th e o r e t ic a l r e la t io n s h ip  c a lc u la te d  f ra n  the  
GHK e q u a tio n . Under these c o n d it io n s  E^^ was a t  -YmV. T h is  
th e re fo re  dem onstra tes th a t  these u n ita ry  c u r re n ts  cou ld  n o t be due 
to  the  f lo w  o f  Cl io n s . In  o u ts id e -o u t patches w ith  th e  same 96mM
-  122 -
K s o lu t io n  on e i t h e r  s ide  o f th e  membrane, non r e c t i f y in g  u n ita ry  
c u r re n ts , w h ich  reve rse d  a t  OmV, were re co rd ed . U n ita ry  c u r re n ts  
in  j^m m e tr ic a l 96mM K s o lu t io n s  had a conductance o f around 
130-170pS.
In  fo u r  expe rim en ts , where the  s o lu t io n  b a th in g  th e  patch  o f 
membrane was changed to  one c o n ta in in g  44mM io n s ,  th e re  was a 
r e s u lta n t  s h i f t  i n  th e  re v e rs a l p o te n t ia l t o  -1 9 .6  j l  1 ,OmV. T h is  
va lue  c lo s e ly  agreed w ith  th a t  p re d ic te d  by th e  N e rn s t e q u a tio n  
(-19 .7m V ). In  these e xpe rim en ts  sucrose was used t o  s u b s t i tu te  f o r  
KCl to  m a in ta in  o sm o tic  s tre n g th .  in  t h i s  s o lu t io n  was a t
OmV. An a c c u ra te  assessment o f the  s e le c t i v i t y  r a t io s  o f the  
channels f o r  io n s  over Na^ io n s  was n o t perfo rm ed  ( c f .  Y e lle n ,
1984). However, th e  I -V  r e la t io n s h ip  in  asym m etric  s o lu t io n  in
w hich E^^ was around +88mV, suggested t h a t  a s ig n i f ic a n t
c o n t r ib u t io n  to  th e  c u r re n t  from  Na"** io n s  was u n l ik e ly .
U n ita ry  c u r re n ts  from  o u ts id e -o u t patches bathed  i n  a l l  th re e  
K s o lu t io n s  co u ld  be f i t t e d  reasonab ly  w e l l  by th e  th e o r e t ic a l 
r e la t io n s h ip s  f o r  a K c u r re n t  c a lc u la te d  frcm  th e  GHK e q u a tio n . 
However, these  channe ls do n o t obey in  a l l  re s p e c ts  th e  c o n s ta n t 
f i e l d  th e o ry  assumed by th e  GHK e q u a tio n . The co n s ta n t f i e l d  
th e o ry  (Goldman, 1943) p re d ic ts  th a t  the  p e rm e a b ili ty  w i l l  rem ain  
co ns ta n t as th e  c o n c e n tra t io n  o f  the  io n  i s  changed. In  o rd e r to  
f i t  the  GHK e q u a tio n  to  th e  u n ita ry  c u r re n ts  re co rd ed  h e re , 
d i f f e r e n t  va lu e s  f o r  P were used in  th e  d i f f e r e n t  s o lu t io n s .  In  
f ig u r e  3 .8 , A i t  can be seen th a t  th e  th e o r e t ic a l  l in e s  f i t t e d  by
th e  GHK e q u a tio n  crossed  ove r a t  about +30mV. The co n s ta n t f i e l d
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th e o ry  p re d ic ts  th a t  these l in e s  w i l l  come to  a common asym pto te  a t  
ve ry  p o s i t iv e  p o te n t ia ls  (see Jack, Noble and T s ie n , 1975). 
Perhaps a s ig n i f ic a n t  amount o f Na^ io n s  were a b le  to  f le w  th rough  
the  channels a t  p o s i t iv e  p o te n t ia ls ,  th u s  a l t e r in g  th e  appa ren t f i t  
to  th e  GHK e q u a tio n .
4 .2 .2  IONIC NATURE OF CHANNELS OBSERVED ON INSIDE-OUT PATCHES
E xperim ents on is o la te d  o u ts id e -o u t pa tches in d ic a te d  th a t  the  
la rg e  u n ita ry  c u r re n ts  reco rded  were due to  c u r re n t  f lo w  th rough  K 
channe ls . However, th e  subsequent f in d in g  o f  two d i f fe r e n t  
p o p u la tio n s  o f outw ard channe ls  in  in s id e -o u t  pa tches co m p lica ted  
th e  in t e r p r e ta t io n  th a t  th e  channels observed in  o u ts id e -o u t 
pa tches correspond to  the  54pS channels in  th e  c e ll- a t ta c h e d  
pa tches .
Both Ca-dependent and C a-independent channels were found to  be 
p re sen t in  is o la te d  in s id e -o u t  pa tches. These channe ls  co u ld  a ls o  
be c la s s i f ie d  in t o  two p o p u la tio n s  on th e  b a s is  o f  t h e i r  s lope 
conductances a t  +10mV in  a sym m etrica l 5/100mM K s o lu t io n .  The 
Cfei-dependent channe ls had a mean conductance o f 5 0 i l1 p S  (n = 6 ), 
w h i ls t  th e  Ca-independent channels had a mean conductance o f 
7 9 -1 5 p 8  (n = 9 ). D esp ite  th e  la rg e  s tandard  d e v ia t io n s  o f each se t
o f v a lu e s , a T - te s t  perform ed on th e  data in d ic a te d  th a t  they 
belonged to  two separa te  p o p u la tio n s  (p < 0 .0 1 ).
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The Ca-dependent channels had a mean conductance va lue  which 
was c lo s e r  to  th a t  o f the  la rg e  channels observed i n  c e ll-a t ta c h e d  
pa tches. However, these channels were on ly  observed  i n  7 o u t o f 33 
in s id e -o u t  pa tches, w h ile  the  la rg e  u n ita ry  ou tw ard  c u rre n ts  
co rre sp on d ing  to  th e  54pS channel were seen on v i r t u a l l y  a l l  
c e ll- a t ta c h e d  pa tches. C a-independent channels w ere  observed f a r  
more f re q u e n t ly  on in s id e -o u t  pa tches. D e sp ite  th e  u n c e r ta in ty  as 
to  w h ich  type  o f channel observed on in s id e -o u t  pa tches  corresponds 
to  th e  54pS channel o f th e  c e ll-a t ta c h e d  p a tch  o r th e  channels 
observed on o u ts id e -o u t patches, i t  i s  l i k e l y  th a t  bo th  these types 
a re  s e le c t iv e  f o r  io n s . E x tra p o la t io n  o f th e  I - V  re la t io n s h ip s  
o f  both  Ca-dependent and C a-independent channe ls  g iv e  re v e rs a l 
p o te n t ia ls  more n e g a tive  than  - 5 OmV ( f ig u re s  3 .16  and 3 .1 8 ) .  T h is  
was in  a s o lu t io n  in  w hich E^^ was -7  to  -9.6mV and E^^ was +82mV. 
Changing th e  Ca c o n c e n tra t io n  had no e f f e c t  on th e  I-V  
re la t io n s h ip s  o f  e i th e r  type  o f channel. I t  can th e re fo re  be 
concluded th a t  bo th  the  Ca-dependent and C a-independent channels 
a re  la r g e ly ,  i f  n o t e x c lu s iv e ly ,  s e le c t iv e  f o r  K"*" io n s .
4 .3  Ca-DEPENDENT K CHANNELS
Potassium channels whose a c t i v i t y  was dependent on 
in t r a c e l l u la r  Ca c o n c e n tra t io n  were p re sen t i n  7 o u t o f 33 
in s id e -o u t  membrane patches. These channels w ere  d i f f e r e n t  frcm  
th e  p re v io u s ly  d e sc rib e d  Ca-dependent K channe ls o f  s n a i l  neurones 
(Lux, Neher and M arty 1981; Ewald, ^  â L i 1 98 5 ). The slope 
conductance o f these channels was around 50pS a t  +10mV in  s o lu t io n s
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a p p ro x im a tin g  a p h y s io lo g ic a l K g ra d ie n t .  T h is  compared w ith  an 
ohmic conductance o f 19pS f o r  the  Ca-dependent K channe ls d esc ribed  
by Lux e i  a l. (1981) in  c e l l- a t ta c h e d  patches o f c e r ta in  neurones o f 
H e lix  Dom atia . which have a predom inant Ca-dependent outward 
c u r re n t.  The Ca-dependent K channe ls  described  by Ewald al_ 
( 1985) in  is o la te d  in s id e - o u t  pa tches o f H e lix  aspersa neurones had 
a conductance o f 4 0 -6 OpS in  sym m etrica l K s o lu t io n s .  In  c o n d it io n s  
m im ick in g  th e  p h y s io lo g ic a l K g ra d ie n t these channels had a 
conductance o f around 20pS. T h is  i s  s im i la r  to  th e  conductance 
va lue  o b ta in e d  by Lux ^  a l (1 9 8 1 ), but i s  d is t in c t  f ra n  the  la rg e  
conductance (200-300pS) Ca-dependent K channels d e sc rib e d  i n  many 
o th e r p re p a ra tio n s  ( f o r  re v ie w , see L a to r re  and M i l le r ,  1983).
The Ca-dependent K channe ls  d esc ribe d  he re  may be s im i la r  to  
th e  la rg e  conductance Ca-dependent K channels d e sc rib e d  in  o th e r 
p re p a ra tio n s  such as c h ro n a f f in  c e l ls  (M arty , 1981), r a t  myotubes 
( P a l lo t ta ,  Magleby and B a r r e t t ,  1981), and channe ls  from  r a b b it  
T - tu b u le s , in c o rp o ra te d  in t o  l i p i d  b ila y e rs  (L a to r re ,  Vergara  and 
H id a lg o , 1982) .  I f  i t  i s  assumed th a t  th e  p e rm e a b ili ty  va lue  o f 
th e  channels rem ains r e la t i v e l y  co n s ta n t w ith  changes in  th e  K 
c o n c e n tra t io n  on e ith e r  s ide  o f th e  membrane, th e  expected s in g le  
channel conductance in  sym m etrica l K s o lu t io n s  can be c a lc u la te d .  
U sing a p e rm e a b ili ty  va lue  o f 2 .29x10 '"^^cm .^s ’"  ^ (fro m  f ig u r e  3 .1 6 ) ,  
th e  expected s in g le  channel conductance in  sym m etrica l 140mM K 
s o lu t io n  was c a lc u la te d  to  be a p p ro x im a te ly  125pS, The conductance 
o f Ca-dependent K channels o f r a t  myotubes was measured by B a r r e t t ,  
e t  a l ( 1982) t o  be 2l8pS w ith  sym m etrica l l44mM K s o lu t io n s  on 
e i t h e r  s ide  o f the  patch and a t  a tem pera tu re  o f 21-24°C . The
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Ca-dependent K channel o f  c h ro n a ff in  c e l l  membranes was shown to  
have a s in g le  channel conductance o f l80pS in  sym m etrica l l44mM K 
s o lu t io n  (M a rty , 1981).
There i s  some evidence th a t  the  p e rm e a b ili ty  va lue  o f the  
channels may n o t rem ain c o n s ta n t in  d i f fe r e n t  io n  g ra d ie n ts  (see 
f ig u r e  3 .8 ) .  In  f ig u r e  3 .8 , A, th e  s in g le  channel conductance in  a 
sym m etrica l 96mM K s o lu t io n  was 130pS. In  a p h y s io lo g ic a l K 
g ra d ie n t these channels had a slope conductance a t  +10mV o f 50pS.
A lth o u ^  t h is  i s  near to  th e  mean conductance va lu e  o f Ca-dependent 
K channels in  an in s id e -o u t  pa tch , t h is  does n o t prove th a t  these 
channels were Ca-dependent. Using th e  p e rm e a b ili ty  va lue  ob ta ined  
in  th e  sym m etrica l 96mM K s o lu t io n  (Pjj.=3.56x10*’ ^^cm.^s~^ ) ,  a 
conductance va lue  o f 200pS in  ^ m m e tr ic a l 140mM K s o lu t io n  was 
c a lc u la te d . C le a r ly ,  these channels have a h ig h e r  conductance than 
th e  p re v io u s ly  re p o r te d  Ca-dependent K channels o f  s n a i l neurones, 
and appear to  be long  to  th e  c la s s  o f h igh  conductance Ca-dependent |
K channe ls . I
One common fe a tu re  o f the  h i ^  conductance Ca-dependent K 
channels i s  t h e i r  a b i l i t y  to  m a in ta in  a h igh  s e le c t i v i t y  f o r  K*** 
io n s  w h i ls t  hav ing  a la rg e  conductance (L a to r re  and M i l le r ,  1983).
D e ta ile d  experim en ts  on th e  s e le c t iv i t y  o f th e  Ca-dependent K 
channe ls  reco rded  h e re , f o r  io n s  over Na**" and C l”  io n s , was no t 
c a r r ie d  o u t.  However, th e  f i t  by the  GHK e q u a tio n  f o r  a K c u r re n t,  
w ith  an e x tra p o la te d  re v e rs a l p o te n t ia l to  -75mV in  an asym m etrica l 
s o lu t io n  in  w h ich  was +82mV and E ^  was between -7  and -9.6m V, |
suggested th a t  these channels were h i ^ l y  s e le c t iv e  f o r  K^ io n s
 -i''
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( s e e  f ig u r e  3 . 1 6 ) ,
4 .3 .1  RELATIONSHIP BETWEEN pCa AND PERCENTAGE OPEN TIME
In  two expe rim en ts  i t  was p o s s ib le  to  de te rm ine  th e  
re la t io n s h ip  between th e  percentage open tim e  o f Ca-dependent 
channe ls  and Ca c o n c e n tra t io n  (expressed  as pCa). These 
re la t io n s h ip s  were l im i t e d  as o n ly  fo u r  d i f f e r e n t  Ca c o n c e n tra t io n s  
were used. However, no r e s u l t s  were o b ta in e d  f ra n  la t e r  
expe rim en ts  in  w hich s ix  d i f f e r e n t  Ca c o n c e n tra t io n s  were 
a v a i la b le ,  s in ce  Ca-dependent K channels were no lo n g e r found 
(p o s s ib ly  due to  a seasonal v a r ia t io n ,  see b e lo w ). The percentage 
open tim e  o f Ca-dependent K channe ls  in c re a se d  w ith  in c re a s in g  Ca 
c o n c e n tra t io n . The r e la t io n s h ip  between pCa and percen tage  open 
tim e  i s  shown in  f ig u r e  3 .1 5 . T h is  r e la t io n s h ip  i s  l i k e l y  to  be 
s ig m o id a l as seen by B a r r e t t  ^  (1 9 8 2 ), f o r  Ca-dependent K
channe ls  o f r a t  myotubes. However, fu r th e r  p o in ts  i n  th e  pC^ range 
8 to  7 would be re q u ire d  to  dete rm ine  th e  tru e  r e la t io n s h ip  f o r  
these channe ls . B a r r e t t  ^  â L  (1982) observed a s teep  in c re a s e  in  
percentage open tim e  a t  a pCa va lu e  o f 6 . In  th e  experim en t shown 
in  f ig u r e  3 .15  a s teep  in c re a s e  over th e  pCa range 8 to  7 seems 
a p p a re n t. However, f u r t h e r  p o in ts  w ould be re q u ire d  to  co n firm  
t h is .
In  c a lc u la t in g  th e  percentage open tim e  i t  was assumed th a t  
th e  number o f channels p re sen t in  th e  patch  o f membrane was 
e q u iv a le n t to  th e  maximum number o f s im u lta n e o u s ly  open channe ls . 
I t  was a ls o  assumed th a t  a l l  th e  channels p re se n t in  th e  patch o f
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membrane had th e  same p ro p e r t ie s  and were independent o f one 
a n o th e r. When Ca-dependent K channels were p resen t in  is o la te d  ?
in s id e - o u t  membrane patches, they  were a lw ays p resen t in  la rg e  
numbers o f about 4 to  8 channe ls  pe r p a tch . T h is  was in  c o n tra s t 
w ith  the  C a-independent channe ls  w h ich  were g e n e ra lly  p re sen t in  
s m a lle r  numbers (1 to  3 channe ls  per p a tc h ) .  S ince Ca-dependent 
channels a lw ays o ccu rre d  in  la rg e  numbers, i t  was n o t p o s s ib le  to  
p e rfo rm  a s t a t i s t i c a l  a n a ly s is  o f  open and c lo se  tim e  k in e t ic s  in  
d i f f e r e n t  Ca c o n c e n tra t io n s , as perform ed by Magleby and P a l lo t ta  f
(1983a ,b ) on s in g le  Ca-dependent K channels o f r a t  myotubes.
4 .3 .2 .  A POSSIBLE SEASONAL VARIATION IN THE EXPRESSION OF 
Ca-DEPENDENT K CHANNELS
The c lu s te r in g  to g e th e r  o f Ca-dependent K channe ls  may have 
been p a r t  o f the  reason why they were found on so few is o la te d  
in s id e - o u t  membrane patches (7 o u t o f 33 p a tc h e s ) . However, a 
seasonal v a r ia t io n  in  th e  e xp re ss io n  o f  these channe ls  was a ls o  
suspected . In  th e  months o f February and March, 7 o u t o f 11 
in s id e - o u t  patches frcxn Cl neurones con ta ined  Ca-dependent K 
channe ls . W h ils t ,  a f t e r  th e  m id d le  o f A p r i l ,  none o f th e  is o la te d  
in s id e - o u t  patches reco rded  f r a n  co n ta in ed  channels whose a c t i v i t y  
in c re a se d  w ith  in c re a s in g  Ca c o n c e n tra t io n  (17 p a tc h e s ). 
E xperim ents perform ed p re v io u s ly  in  th e  summer months showed no 
Ca-dependency o f  channels observed in  in s id e -o u t  patches (4 
p a tc h e s ).
.•;1
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A lthough  Ca-dependent K channels were n o t d e te c te d  in  patch 
clamp e xpe rim en ts  a f t e r  A p r i l ,  vo ltag e -c la m p  expe rim en ts  a t  t h i s  
t im e  s t i l l  showed a s ig n i f ic a n t  Ca-dependent outw ard c u r re n t.  T h is  
was e v id e n t as a s l ig h t  N shape in  the  I-V  r e la t io n s h ip  o f  the  Cl 
neurone a t  ve ry  p o s i t iv e  p o te n t ia ls .  B a th in g  th e  c e l ls  in  a 
n o m in a lly  ze ro  s o lu t io n  g r e a t ly  reduced t h i s  component ( f ig u r e
3 .2 4 ) .  S ince a s ig n i f ic a n t  Ca-dependent K c u r re n t  was appa ren t in
A change in  th e  a c t i v i t y  o f the  s n a i ls  was n o tic e d  a f t e r  
A p r i l .  In  th e  w in te r  months th e  an im als  were more d i f f i c u l t  to  
a rouse from  h ib e rn a t io n ,  and tended to  r e t r e a t  in t o  t h e i r  s h e l ls ,  
even when ke p t in  a m o is t environm ent w ith  foo d . However, a f t e r  
A p r i l  th e  a n im a ls  were f a r  more a c t iv e  once aroused frcxn 
h ib e rn a t io n .  The MCC w h ich  i s  th e  hcxnologous neurone to  th e  Cl 
neurone in  o th e r  gas tropod  m o llu scs  has been found  to  be in v o lv e d  
in  th e  a ro u s a l and m o d u la tio n  o f  fe e d in g  behav iou r i n  Ap lv s ia  and 
Limax (Kupferraan and W eiss, 1981; G e lp e r in , 1981; see s e c tio n  
1 .5 .3 ) .  T h is  neurone i s  n o t a command neurone to  i n i t i a t e  fe e d in g , 
b u t i t s  a c t i v i t y  enhances fe e d in g  behav iour once s ta r te d .  I t  i s  
th e re fo re  reasonab le  to  suppose th a t  a seasonal v a r ia t io n  in  th e  
a c t i v i t y  o f t h i s  neurone may occu r. An in c re a s e d  Ca-dependent K J
c u r re n t  m ig h t be expected  to  s ta b i l is e  th e  membrane p o te n t ia l 
tow ards and s h o rte n  th e  d u ra t io n  o f any a c t io n  p o te n t ia ls
e l i c i t e d .  An in c re a s e  in  th e  Ca-dependent K c u r re n t  o f in a c t iv e
■ is n a i ls  has re c e n t ly  been re p o r te d  (Madden, 1986). Seasonal ^
v a r ia t io n s  in  th e  5-HT c o n te n t o f H e lix  b ra in s  has a ls o  been 
re p o r te d  (J u o r io  and K i l l i c k ,  1972).
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v o lta g e  clamp expe rim en ts , one would expect to  be a b le  to  d e te c t 
th e  channels co rrespond ing  to  t h i s  c u r re n t.  V o lta g e  clamp 
e xpe rim en ts , lo o k in g  a t  th e  Ca-dependent outward c u r re n t ,  were not 
perform ed d u r in g  th e  w in te r  months, th e re fo re ,  i t  i s  n o t known i f
the  p ro p o r t io n  o f  outward c u r re n t  w h ich  was Ca-dependent changed a t  
a l l  d u r in g  t h i s  t im e . A v a r ia t io n  in  th e  N shaped I - V  r e la t io n s h ip
o f a H e lix  neurone has been re p o r te d  to  depend on th e  a c t i v i t y  o f
th e  s n a i ls  (Madden, 1986). I t  i s  p o s s ib le  th a t  o th e r  Ca-dependent
K channels such as those seen by Lux e_t &L (1981) and Ewald jg i  sJL
( 1985) a re  p resen t in  th e  Cl neurone, bu t so f a r  have no t been 
d e te c te d  in  is o la te d  pa tches . Ca-dependent channe ls  may a ls o  be 
r e s t r ic t e d  to  c e r ta in  a reas o f th e  Cl neurone scma, such th a t  they
a re  n o t r e a d i ly  d e te c te d . A lthough  a seasonal v a r ia t io n  was
suspected , no f i r m  evidence e x is ts  f o r  t h i s  and a c a re fu l and 
d e ta ile d  s tudy would be re q u ire d  to  de term ine i f  t h i s  was indeed  
th e  case.
4 .4  Ca-INDEPENDENT K CHANNELS
Potassium channels whose a c t i v i t y  was independent o f th e  
in te r n a l  Ca c o n c e n tra t io n  were observed in  23 o u t o f  33 is o la te d  
in s id e - o u t  membrane patches f re e  th e  Cl neurone. These channels
had a mean s lope  conductance o f  79i:15pS a t  +10raV. There was a
la rg e  v a r ia t io n  in  th e  conductance va lu e s  and, in  g e n e ra l, th e  I-V  
re la t io n s h ip s  o f  these channe ls  co u ld  no t be f i t t e d  w e l l  w ith  the  
th e o r e t ic a l r e la t io n s h ip  c a lc u la te d  from  th e  GHK e q u a tio n  f o r  a K 
c u r re n t.  I t  was, however, l i k e l y  th a t  these channe ls  were la r g e ly  
s e le c t iv e  f o r  K^ io n s . The e x tra p o la te d  re v e rs a l p o te n t ia ls  from
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l in e s  f i t t e d  by eye to  these I-V  re la t io n s h ip s  were more neg a tive  
tha n  -50mV, Under the  c o n d it io n s  o f  th e  re c o rd in g  was between 
-7  and -lOmV and E^^ was around +82mV. V a ry in g  th e  Ca
c o n c e n tra t io n  had no e f fe c t  on th e  I -V  r e la t io n s h ip .  T here fo re  i t  
can be concluded th a t  th e re  i s  v e ry  l i t t l e  c o n t r ib u t io n  to  th e  
c u r re n t  f lo w  from  e i th e r  CL~, Na^ o r Ca^^ io n s .
4 .4 .1  EFFECTS OF INTERNAL TEA AND Cs
F u r th e r  evidence th a t  u n ita ry  C a-independent c u r re n ts  were the  
r e s u l t  o f io n  f lo w  th rough  K channe ls  was o b ta in e d  frcan experim ents  
u s in g  TEA and Cs. Both Cs and TEA have been shown to  b lo c k
m o llu sca n  K c u r re n ts .  In te r n a l Cs^ io n s  have been used to  b lo c k  K 
c u r re n ts  o f  m o lluscan  neurones (A ka ike , Lee and Brown, 1978; 
T i l lo t s o n  and Horn, 1978), w h ile  bo th  in te r n a l  and e x te rn a l TEA 
b lo c k s  K c u r re n ts  o f m o lluscan  neurones. Thompson (1977) re p o r te d  
th a t  e x te rn a l TEA (50mM) s e le c t iv e ly  reduced th e  vo ltag e -d ep e nd e n t 
de layed  K c u r re n t,  bu t had l i t t l e  e f fe c t  on th e  Ca-dependent K
c u r re n t o f  th e  m o llu s c  T r i t o n ia . However, e x te rn a l TEA was found  i
t o  b lo c k  both  Ca-dependent and v o lta g e -dependent K c u r re n ts  o f 
H e lix  and A o lv s ia  neurones (Meech and S tanden, 1975; Hermann and 
Gorman, 1981 ). Hermann and Gorman (1981) a ls o  fou n d  th a t  in te r n a l  
TEA b lo cked  th e  v o lta g e -dependent K c u r re n t,  b u t had le s s  o f an 
e f f e c t  on th e  Ca-dependent K c u r re n t  i n  th e  A p lv s ia  neurone R15.
J
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P e rfu s in g  th e  in n e r  su rface  o f is o la te d  in s id e - o u t  patches 
w ith  TEA (20mM) and Cs (lOmM) caused an appa ren t re d u c t io n  in  the  
a m p litu d e  o f & - independent K channe ls . In te r n a l TEA and Cs have 
been shown to  cause an appa ren t am p litude  re d u c t io n  o f  Ca-dependent 
K channels in  c u ltu re d  a d re n a l c h ro n a f f in  c e l ls  (Y e lle n ,  1984). 
In te rn a l TEA has a ls o  been shown to  cause an a pp a re n t a m p litu d e  
re d u c t io n  o f  Ca-dependent K channels o f smooth muscle c e l ls  
(Benham, e t  a l , 1985). The am p litud e  re d u c t io n  caused by TEA and
Cs i s  th o u g h t to  be due to  a ve ry  fa s t  b lo c k in g  and u n b lo c k in g  o f 
th e  K channe ls  by TEA'*' and Cs^ io n s  (Y e lle n , 1984 ). Fast b lo c k in g  
and u n b lo c k in g  causes b r ie f  in te r r u p t io n s  o f  s in g le  channel 
c u r re n ts .  I f  these  in te r r u p t io n s  a re  so b r ie f  t h a t  they cannot be 
re s o lv e d  by th e  re c o rd in g  system, th e  b lo c k  i s  seen as a re d u c t io n  
in  th e  a m p litu d e  o f th e  u n ita ry  c u rre n t e ven ts .
From th e  e xpe rim en ts  i l l u s t r a t e d  in  f ig u r e s  3 .1 9  and 3 .2 1 , i t  
appears th a t  th e  b lo c k  produced by lOmM Cs was s lo w e r th a n  th a t  
produced by 20mM TEA. A s m a ll in c re ase  in  open channel n o ise  was 
appa ren t w ith  Cs, bu t n o t w ith  TEA. However, no a tte m p t was made 
to  q u a n t i fy  these  o b s e rv a tio n s . I t  appeared th a t  10mM Cs was more 
e f fe c t iv e  in  b lo c k in g  th e  Ca-independent channels o f  th e  Cl neurone 
tha n  i t  was a t  b lo c k in g  th e  Ca-dependent K channe ls  o f a d rena l 
c h ro m a ffin  c e l ls  (Y e lle n ,  1984). In  the  expe rim en t shown in  f ig u r e  
3 .2 1 , Cs reduced th e  channel am p litude  to  45?6 o f  c o n t ro l le v e ls .  
In te rn a l TEA reduced th e  s in g le  channel a m p litu d e  to  25/6 o f  c o n tro l 
le v e ls .  No a tte m p t was made to  determ ine th e  vo ltag e -dependency  o f 
the  b lo c k in g  a c t io n  o f  Cs and TEA as determ ined by Y e lle n  (1 9 8 4 ).
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in s id e - o u t  membrane patches.
The d if fe re n c e  in  channel k in e t ic s  and conductance o f these 
two typ e s  o f  channe ls  suggested th a t  they belonged to  d i f fe r e n t  
p o p u la tio n s  and th a t  perhaps th e  Ca-independent channels were no t 
expressed when re c o rd in g s  were made in  th e  c e l l-a t ta c h e d  mode. 
However, i t  i s  p o s s ib le  th a t  these were th e  same channe ls whose 
c h a r a c te r is t ic s  were a lte r e d  on is o la t io n  o f th e  patch o f membrane 
from  the  c e l l .  I t  has been re p o r te d  th a t  s in g le  CL channels o f 
e p i t h e l ia l  c e l ls  change t h e i r  k in e t i c  c h a r a c te r is t ic s  on is o la t io n
1
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4 .4 .2  COMPARISON OF Ca-INDEPENDENT CHANNELS WITH CHANNELS RECORDED 
FROM CELL-ATTACHED PATCHES
Since is o la te d  in s id e - o u t  patches c o n ta in in g  o n ly  one 
C a-independent K channel were sometimes observed, i t  was p o s s ib le  
to  o b ta in  measurements o f  open and c lo se d  tim e s  f o r  these 
channe ls . In  a ve ry  l im i te d  a n a ly s is ,  the  open and c losed  tim e s  o f  
th e  54pS K channe ls  in  c e l l- a t ta c h e d  patches and th e  Ca-independent 
K channe ls in  is o la te d  in s id e - o u t  patches were compared (see Table 
3 .1 ) .  The C a-independent channe ls  on is o la te d  patches g e n e ra lly  
showed ve ry  d i f f e r e n t  a c t i v i t y  frcm  th a t  o f th e  54pS channel on 
c e l l- a t ta c h e d  pa tches . C a-independent channels spent a f a r  g re a te r  
percen tage  o f  tim e  in  th e  open s ta te  (60 to  7556) as compared to  
channe ls  in  c e l l  a tta ch e d  pa tches w h ich  had percentage open tim es 
o f  <1 to  3756. The lo n g e r c lo se d  tim e s  e v id e n t i n  channels recorded  
from  c e l l- a t ta c h e d  pa tches , were g e n e ra lly  n o t e v id e n t in
Ire c o rd in g s  o f  s in g le  C a-independent channels frcan is o la te d  f
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o f the  membrane patch (K o lb , Brown and M urer, 1985). The m a jo r ity  
o f is o la te d  in s id e - o u t  patches co n ta in ed  C a-independent K channe ls , 
w h i ls t ,  in  v i r t u a l l y  a l l  c e l l- a t ta c h e d  membrane pa tches , u n ita ry  
c u rre n ts  cons ide red  to  be long to  th e  la rg e ,  54pS group o f channe ls 
were reco rded . Fran t h is  o b s e rv a tio n , i t  w ou ld  seem l i k e l y  th a t  
these a re  th e  same channel, b u t th a t  th e  p ro p e r t ie s  o f th e  channel 
have been a lte r e d  on is o la t io n  o f th e  patch o f membrane. In  o rd e r 
to  determ ine i f  t h is  i s  th e  case, i t  w ou ld  be necessary to  f i r s t  
re c o rd  the  channels in  th e  c e l l-a t ta c h e d  patch  and th e n  is o la te  th e
patch  to  t e s t  th e  Ca-de pendency o f th e  channe ls . In  a few re c o rd s
in  which C a-independent channels were reco rded  on in s id e - o u t
patches, la rg e  outward channe ls  o f  normal a m p litu d e  (presum ably
co rrespond ing  to  th e  54pS channe ls) were f i r s t  observed a t  a few 
p o te n t ia ls  in  th e  c e ll-a t ta c h e d  p a tch .
Changes in  s in g le  channel k in e t ic s  upon i s o la t io n  o f th e  patch  
o f membrane co u ld  be e x p la in e d  by th e  lo s s  o f some in t r a c e l l u l a r  
re g u la to ry  substance. I t  has been shown th a t  p h o s p h o ry la t io n  o f  a 
s i t e  a t ,  o r near, K channels can m od ify  t h e i r  a c t i v i t y  (S h u s te r _et 
a l ,  1985; Ewald e i  s i ,  1985).
4 .5  MODULATION OF K CHANNEL ACTIVITY BY 5-HT
A p p lic a t io n  o f  5-HT o n to  th e  Cl neurone was found  to  decrease 
th e  a c t i v i t y  o f the  la rg e  54pS K channe ls  re co rd e d  in  th e  
c e ll-a t ta c h e d  mode. T h is  a c t io n  o f  5-HT, a p p lie d  from  o u tw ith  th e  
patch p ip e t te ,  was in d i r e c t  and suggested th e  in vo lve m e n t o f an 
in t r a c e l lu la r  messenger. A s im i la r  e f fe c t  o f 5-HT on K channe ls
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reco rded  from  A p lv s ia  sensory neurones was p re v io u s ly  re p o rte d  by 
S iegelbaum s t  sJl (1 9 8 2 ). In  th e  experim en ts  o f Siegelbaurn e t a l 
( 1982) th e  K channe ls  reco rded  were c losed  in  an a l l - o r - n o th in g  
fa s h io n  by a d d it io n  o f  5-HT to  th e  b a th in g  medium su rro u n d in g  th e  
c e l ls .  The channe ls  w h ich  rem ained open in  th e  presence o f 5-HT 
m a in ta in e d  th e  same g a t in g  k in e t ic s  as in  c o n tro l c o n d it io n s .
I t  was d i f f i c u l t  to  dete rm ine  i f  a s im i la r  a l l - o r - n o th in g  
c lo s u re  o f K channe ls  a ls o  o ccu rre d  i n  th e  expe rim en ts  on th e  Cl 
neurone. In  most e xpe rim en ts , o n ly  two o r th re e  channels were 
a c t iv e  under c o n t ro l c o n d it io n s  and d u r in g  a p p l ic a t io n  o f 5-HT th e  
channels rem ained i n  th e  c losed  s ta te .  In  a few expe rim en ts  b r ie f  
is o la te d  open ings o f  channe ls  were appa ren t in  th e  presence o f 
5-HT. These o cca s io n a l channel openings c o n tra s te d  w ith  th e  
fre q u e n t open ings o f  channe ls  in  c o n tro l c o n d it io n s  and suggested 
th a t  5-HT may cause a change in  th e  p r o b a b i l i t y  o f  opening o f  th e  
channe ls . However, s in ce  th e  number o f channe ls p re se n t in  th e  
patch  o f membrane was a lw ays g re a te r  than  1, i t  was d i f f i c u l t  to  
undertake  th e  k in e t i c  a n a ly s is  re q u ire d  to  de te rm ine  th e  mechanism 
by which 5-HT decreased K channel a c t i v i t y  in  th e  Cl neurone.
The channe ls  observed in  A o lv s ia  sensory neurones had s im i la r  
conductance v a lu e s  to  th e  K channe ls  m odulated by 5-HT in  th e  01 
neurone. However, these  were reco rded  under v e ry  d i f f e r e n t  io n ic  
c o n d it io n s .  A more v a l id  com parison i s  th a t  o f th e  p e rm e a b ili ty  
va lu e s , w h ich  ta ke s  in t o  account th e  c o n c e n tra t io n  o f  io n s .  The 
p e rm e a b ili ty  o f  th e  5-HT s e n s it iv e  K channe ls  o f A o lv s ia  sensory 
neurones was somewhat lo w e r than  th a t  o f  th e  5-HT s e n s it iv e  K
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channe ls  o f  the  Cl neurone (8 .7x10  ^^cm .^s \  compared w ith  
2.3x10*”^^cm.^s"b.
The 5-HT s e n s it iv e  K channe ls  o f A o lv s ia  sensory neurones were 
found  to  be in s e n s i t iv e  to  i n t r a c e l l u l a r  f r e e  Ca le v e ls .  These 
u n ita ry  K c u r re n ts  co u ld  be f i t t e d  by th e  p re d ic te d  I -V
r e la t io n s h ip  c a lc u la te d  frc a i th e  GHK e q u a tio n  f o r  a K c u r re n t,
the re b y  showing a vo ltage -dependency  in  t h e i r  conductance.
However, the  p r o b a b i l i t y  o f  channel opening was fou nd  to  be o n ly  
s l i g h t l y  dependent on p o te n t ia l  w ith  a 2 - f o ld  in c re a s e  f o r  around 
52mV d e p o la r is a t io n .  These K channe ls  were p re se n t a t  r e s t in g  
p o te n t ia l  and were th o u g h t to  c o n tr ib u te  to  a background c u r re n t .
T h e ir  p ro p e r t ie s  were c o n s is te n t  w ith  th e  p ro p e r t ie s  o f th e
s e ro to n in  s e n s it iv e  S c u r re n t,  s tu d ie d  a t  a m acroscop ic  le v e l .
A ttem pts were made to  de te rm ine  the  e f fe c t  o f  p o te n t ia l  on th e
percentage open tim e  o f th e  channe ls  in  th e  Cl neurone. A la rg e  %
v a r i a b i l i t y  was found  between pa tches . In  g e n e ra l, an in c re a s e  in  
percentage open tim e  w ith  d e p o la r is a t io n  was observed f o r  th e  54pS 
K channe ls  re co rd ed  in  c e l l- a t ta c h e d  pa tches . T h is  in c re a s e  was o f  j
th e  o rd e r o f 2 f o ld  f o r  a 1 3 .7 ll7 .5 m V  d e p o la r is a t io n  (n = 4 ). S in g le  
channel c u rre n ts  in  th e  Cl neurone were r a r e ly  seen a t  r e s t in g  
p o te n t ia l .  Moreover th e  pe rcen tage  open tim e  o f these channe ls , 
even a t  d e p o la r is e d  p o te n t ia ls ,  was lo w e r than  th a t  o f th e  K
channe ls o f A o lv s ia  sensory neurones (1 to  40%, compared to  60 to  |
90% ).
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4 .6  ACTION OF Co^+ IONS IN BLOCKING THE 5-HT RESPONSE
E a r l ie r  v o lta g e  clamp expe rim en ts  on th e  Cl neurone had shown 
th a t  th e  5-HT response was s e n s it iv e  to  K channel b lo c k in g  agen ts  
and to  in c re a s in g  th e  e x t r a c e l lu la r  K c o n c e n tra t io n . The response 
was th e re fo re  most p ro b a b ly  due to  a decrease in  gK. However, i t  
was th o u g h t th a t  th e  K c u rre n t a f fe c te d  may be Ca-dependent s ince  
th e  response to  5-HT was a ls o  b locked  by ImM Co, w hich i s  known to  
b lo c k  th e  C a -c u rre n t o f m o lluscan  neurones (A k a ik e , Brown, N is h i 
and Tsuda, 1981 ).
The Ca-de pendency o f the  5-HT s e n s it iv e  channe ls o f th e  Cl
neurone was u n c e r ta in , due to  th e  la t e r  f in d in g  o f  both
Ca-dependent and C a-independent channels in  is o la te d  in s id e -o u t  
membrane pa tches  frcm  the  Cl neurone. In  re t ro s p e c t ,  t h is
u n c e r ta in ty  co u ld  have been so lved  by f i r s t l y  t e s t in g  th e  e f fe c t  o f 
5-HT on channe ls  i n  th e  c e ll-a t ta c h e d  mode, b e fo re  is o la t in g  th e  |
patch  o f membrane to  dete rm ine  the  Ca-dependency o f th e  channels.
A l th o u ^  th e  fre q u e n cy  w ith  w h ich  Ca-independent channels were
observed suggested th a t  th e  5-HT s e n s it iv e  channe ls  observed in  th e  
c e l l- a t ta c h e d  pa tch  may be C a-independent, th e  mean conductance o f 
th e  Ca-dependent channe ls  was c lo s e r  to  th a t  o f th e  5-HT s e n s it iv e  
channe ls observed  on c e l l- a t ta c h e d  pa tches. An e f f e c t  o f 5-HT on 
Ca-dependent K channe ls  w ou ld  a ls o  e x p la in  a p re v io u s  f in d in g  th a t  
th e  5-HT response in  vo ltag e -c la m p ed  Cl neurones i s  b locked  by ImM 
Co. However, th e  e f f e c t  o f Co^* io n s  in  b lo c k in g  th e  5-HT response 
may be an n o n s p e c if ic  e f f e c t .
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In  s tu d ie s  on a s im i la r  vo ltag e -d ep e nd e n t 5-HT response in  
neurones o f  th e  v isce ro -a b d o m in a l g a n g lio n ic  mass o f  H e lix .  D e te rre  
e t  a l ( 1981) re p o r te d  th a t  t h is  response was s e n s it iv e  to  
e x t r a c e l lu la r  Co and changes in  e x t r a c e l lu la r  f r e e  Ca, but n o t to  
i n t r a c e l l u la r  f r e e  Ca le v e ls .  They concluded t h a t ,  a lth o u g h  the  
5-HT induced decrease in  gK was s e n s it iv e  to  e x t r a c e l lu la r  Ca, i t  
was p robab ly  no t a re d u c t io n  o f  a Ca-dependent gK, which i s  
s e n s it iv e  to  in t r a c e l l u la r  f r e e  Ca le v e ls .
4 .6 .1  SINGLE CHANNEL CURRENTS IN THE PRESENCE OF Co
E xperim ents on K channe ls  were perform ed e i th e r  w ith  Co 4
p re se n t in  bo th  the  bath  and patch  p ip e t te ,  o r  i n  th e  patch p ip e t te  
a lo n e . In  th e  presence o f Co s in g le  channel K c u r re n ts  o f normal 
conductance were observed. However, when Co was p re sen t i n  bo th  
th e  bath and patch  p ip e t te  a p p l ic a t io n  o f 5-HT to  th e  Cl neurone 
was no lo n g e r  e f fe c t iv e  in  re d u c in g  th e  a c t i v i t y  o f th e  54pS K 
channe ls . W ith  Co p resen t in  th e  patch  p ip e t te  a lo n e , 5-HT was 
s t i l l  e f f e c t iv e  in  re d u c in g  th e  a c t i v i t y  o f th e  54pS K channe ls .
These r e s u l t s  suggest th a t  th e  a c t io n  o f Co in  b lo c k in g  t h i s  
response was n o t by re d u c in g  th e  K c u r re n t,  b u t by sane o th e r 
mechanism, Co may a c t a t  th e  le v e l o f th e  5-HT re c e p to r  to  p re ve n t 
th e  a c t io n  o f  5-HT. A l te r n a t iv e ly ,  Co may in t e r fe r e  w ith  th e  
p ro d u c tio n  o r a c t io n  o f th e  second messenger by i t s  antagonism  w ith  
Ca. A re q u irem en t f o r  Ca in  th e  p ro d u c tio n  o f  cAMP has been 
re p o r te d  (B ros trom , Huang, B recken ridge  and W o lf f ,  1975; B ro s trom , 
B rostrom , B recken ridge  and W o lf f ,  1978). However, D e te rre  e t  a l
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(1981) found th a t  th e  response o f H e lix  neurones to  in t r a c e l l u la r l y  
in je c te d  cAMP was a ls o  b lo cked  by Co.
4 .6 .2  COMPARISON OF THE EFFECTS OF Co, VERAPAMIL AND LOW Ca 
SOLUTION ON THE RESPONSE TO 5-HT
W h ils t  ImM Co v i r t u a l l y  a bo lish e d  th e  response to  I
io n o p h o n e tic a lly  a p p lie d  5-HT, th e  o rg a n ic  Ca c u rre n t b lo c k in g  
a g e n t, ve rapam il ( a t  a c o n c e n tra t io n  o f  50pM) had no e f fe c t  on th e  
5-HT response. T h is  c o n c e n tra t io n  o f  ve rapam il has been shown to  
s ig n i f ic a n t ly  reduce th e  Ca c u rre n t o f H e lix  neurones (A ka ike , ^  
a l . 1981) .  However, ve ra pa m il may n o t be a v e ry  s p e c i f ic  b lo c k e r 
o f  th e  Ca c u r re n t .  In  e xpe rim en ts  perform ed h e re  on th e  I -V  
r e la t io n s h ip  o f  the  Cl neurone, ve rapam il g r e a t ly  reduced th e  
outw ard  c u r re n t,  a p p a re n tly  b lo c k in g  more th a n  ju s t  th e  
Ca-dependent component o f  t h i s  c u rre n t (see f ig u r e  3 .2 9 ) .  I t  has 
a ls o  been re p o r te d  th a t  v e ra p a m il can d i r e c t ly  b lo c k  Ca-dependent K 
channe ls  as w e l l  as a c t in g  by re d uc in g  gCa (G ola  and Du creux,
1985). 1
A low  Ca s o lu t io n  was found  to  be more e f f e c t iv e  than  a ImM Co 
s o lu t io n  in  re d u c in g  th e  Ca-dependent component o f the  outw ard 
c u r re n t  a t  d e p o la r is e d  p o te n t ia ls  (compare f ig u r e s  3 .25  and 3 .2 7 ) .
However, p e r fu s in g  th e  p re p a ra t io n  w ith  a z e ro  Ca s o lu t io n  had a 
v a r ia b le  e f fe c t  on th e  response to  ionophoresed 5-HT. When th e  Cl 
neurone was h e ld  c o n tin u o u s ly  under v o lta g e  clamp c o n d it io n s ,  th e  
response to  5-HT was s l i g h t l y  in c re ase d  in  th e  presence o f a 
n o m in a lly  ze ro  Ca s o lu t io n .  I f  th e  response was th e  r e s u l t  o f a
—TT-
s o lu t io n  was c le a r ly  e f f e c t iv e  in  re d u c in g  th e  (^-dependen t 
component o f the  outward c u r re n t .
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re d u c t io n  in  a Ca-dependent outw ard c u r re n t,  i t  w ou ld  be expected 
to  be decreased in  a low  Ca s o lu t io n .  T h is  ancanalous r e s u l t  may 
have been due to  a change in  th e  su rface  charge o f  the  membrane
s in ce  Ca^^ io n s  a re  known to  be im p o rta n t i n  th e  m aintenance o f the
s u rfa c e  charge.
When th e  c e l l  was h e ld  in  c u rre n t clamp c o n d it io n s  a t  re s t in g  
p o te n t ia l ,  d u r in g  p e r fu s io n  w ith  the  n a n in a lly  ze ro  Ca s o lu t io n ,  a 
re d u c t io n  in  th e  5-HT response was observed on re tu r n in g  to  v o lta g e  
clam p. However, t h is  e f f e c t  o f low Ca was i r r e v e r s ib le .  The
e f fe c t  o f low  Ca s o lu t io n  on th e  Ca-dependent ou tw ard  c u rre n t was
r e v e r s ib le .
The la c k  o f c o n v in c in g  decreases in  th e  5-HT response w ith  50 
v e ra p a m il o r a n a n in a lly  ze ro  Ca s o lu t io n ,  f u r t h e r  suggested an 
n o n s p e c if ic  e f f e c t  o f  Co in  b lo c k in g  th e  5-HT response . A lthough 
th e re  may be problem s w ith  th e  s p e c i f i c i t y  o f  th e  tre a tm e n ts  w ith  
v e ra p a m il and low  Ca, bo th  tre a tm e n ts  w ou ld  be expected to  
s ig n i f i c a n t ly  reduce Ca e n try  d u r in g  d e p o la r is a t io n ,  the reby  
re d u c in g  a response w h ich  was dependent on th e  background le v e l o f 
Ca-dependent K c u r re n t .  Even i n  a n o m in a lly  z e ro  Ca s o lu t io n ,  a 
s ig n i f ic a n t  amount o f Ca^ "*" io n s  a re  p re s e n t. However, t h i s  J
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4.7  EFFECT OF 5-HT ON THE Ca-DEPENDENT COMPONENT OF THE I-V  
RELATIONSHIP
An N shaped I -V  r e la t io n s h ip ,  re v e a lin g  a Ca-dependent 
component o f th e  K c u r re n t ,  was observed i n  th e  Cl and FI neurones 
( c f .  Meech and Standen, 1975). The d if fe re n c e  between th e  
c u r re n ts  in  lOmM Cà and n o m in a lly  ze ro  Ca s o lu t io n  gave a b e l l  
shaped cu rve , w h ich  corresponded t o  th e  Ca-dependent K c u r re n t .  In  
these  expe rim en ts , th e  peak o f  th e  curve  was a round +80 to  +9OmV. 
In  th e  experim en ts  o f  Meech and S tanden (1975) t h i s  peak was around 
+7OmV. Lux and H o fm ie r (1982) showed th a t  th e  p o te n t ia l  a t  w h ich
t h i s  peak occu rre d  depended on th e  tim e  d u r in g  th e  pu lse  a t  w h ich  
th e  c u rre n t was measured, m oving to  d e p o la r is e d  p o te n t ia ls  f o r  
in c re a s in g  t im e . C u rre n ts  i n  th e  e xpe rim en ts  re p o r te d  he re  were 
measured a f t e r  100ms (80ms i n  some ca ses). A t 100ms, th e  peak o f 
th e  curve shown by Lux and H o fm ie r occu rre d  a round +7OmV.
In  5 expe rim en ts  50^M 5-HT f la t te n e d  th e  N shaped I - V  
r e la t io n s h ip  o f  th e  Cl neurone. However in  a f u r t h e r  7 e xpe rim en ts  
no e f fe c t  o f 5-HT was observed . The e xpe rim en ts  in  w h ich  a 
f la t t e n in g  o f th e  N shape was observed in d ic a te d  th a t ,  in  these  
c e l ls  5-HT caused a re d u c t io n  o f  th e  Ca-dependent K c u r re n t .  
E xperim ents in  w h ich  no e f f e c t  o f 5-HT was observed  may have been 
due to  inadequa te  p e r fu s io n  o f  th e  b a th , bu t t e s t s  w ith  m ethy lene  
b lu e  dye in d ic a te d  th a t  th e  p e r fu s io n  system was e f f i c i e n t  in  
changing th e  c o n te n ts  o f  th e  b a th . A nother e x p la n a tio n  f o r  t h i s  
la c k  o f e f fe c t  may be th a t  in  some c e l ls  5-HT has l i t t l e ,  o r no.
p o te n t ia ls  more n e g a tiv e  than  -20mV, b u t reduced a t  more 
d e p o la r is e d  p o te n t ia ls .  T h is  vo lta g e -d e p e n d e n t e f f e c t  o f EGTA i s  
d i f f i c u l t  to  e x p la in ,  b u t may r e f le c t  d i f f e r i n g  c o n t r ib u t io n s  o f  
Ca-dependent and o th e r  K c u r re n ts  a t  d i f f e r e n t  p o te n t ia ls .
I f  th e  response to  5-HT i s  due to  a re d u c t io n  o f a 
Ca-dependent K c u r re n t ,  t h i s  response shou ld  be in c re a s e d  when th e  
Ca-dependent K c u r re n t  i s  in c re a s e d  by r a is in g  th e  in t r a c e l l u la r  
f r e e  Ca le v e ls .  I n je c t in g  Ca^^ io n s  in t o  m o llu sca n  neurones has 
been shown to  in c re a s e  th e  Ca-dependent K c u r re n t ,  (Meech, 1974; 
Hermann and Gorman, 1 9 8 1 a ,b ). I n t r a c e l lu la r  in je c t io n  o f Ca in t o
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e f f e c t  on th e  Ca-dependent component o f th e  outw ard c u r re n t.
P re v io u s  e xpe rim en ts , showing a f la t t e n in g  o f  th e  I-V  r e la t io n s h ip  
by 5-HT, d id  n o t lo o k  a t  such d e p o la ris e d  p o te n t ia ls  ( C o t t r e l l ,
1982b).
4 .8  THE EFFECTS OF INTRACELLULAR EGTA AND Ca INJECTION
I n t r a c e l lu la r  in je c t io n  o f th e  Ca c h e la to r ,  EGTA, was used in  
an a tte m p t to  b u f fe r  Ca e n te r in g  th e  c e l l  d u r in g  d e p o la r is a t io n .
In  t h i s  way, p ro lon g ed  EGTA in je c t io n  has been used to  decrease th e  
Ca-dependent outw ard c u r re n t  (D e te rre  e t  a l .  1981: Kehoe, 1985b).
15 m inu te  in je c t io n s  o f  EGTA had l i t t l e  e f f e c t  on th e  I -V  
r e l a t i o n ^ i p  o f  th e  Cl neurone, measured up to  - 1 0mV. T h is  
suggested th a t  lo n g e r  in je c t io n s  o f EGTA may have been re q u ire d  in  
o rd e r to  lo a d  th e  c e l l  w ith  EGTA and b lo c k  th e  Ca-dependent K 
c u r re n t .  However, i n t r a c e l l u la r  EGTA d id  appear to  have an e f fe c t  .
f
on th e  5-HT response . The response was in c re a s e d  o r u n a ffe c te d  a t  è.
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■8
" t ' ith e  C1 neurone o f H e lix  aspersa  has been shown to  a c t iv a te  an
Î
outw ard  c u r re n t  whose re v e rs a l p o te n t ia l depends on th e  
e x t r a c e l lu la r  K c o n c e n tra t io n  ( C o t t r e l l ,  1982c).
In  th e  expe rim en ts  perfo rm ed h e re , in je c t io n  o f  Ca^^ io n s  
induced  an outw ard  c u r re n t .  However, t h is  outw ard c u r re n t  d e c lin e d  |
r a p id ly  w ith  tim e  a f t e r  th e  in je c t io n .  The ra p id  d e c lin e  in  th e  
outw ard c u r re n t  was p ro b a b ly  due to  th e  h ig h ly  e f f e c t iv e  
in t r a c e l l u la r  Ca s e q u e s tra t io n  mechanisms. I t  has been suggested 
(B a r is h  and Thompson, 1983) t h a t  th e  d is t r ib u t io n  o f  in je c te d  Ca i s  
l im i t e d  by m e ta b o lic  up take  processes, such as those in  
m ito c h o n d r ia . Ca e n te r in g  due to  d e p o la r is a t io n  r e s u l t s  i n  an 
in c re a s e d  Ca c o n c e n tra t io n  around th e  p e r ip h e ry . I t  has a ls o  been 
suggested th a t  the  Ca b u f fe r in g  c a p a c ity  i s  g re a te r  a t  th e  
p e r ip h e ry  ( T i l lo t s o n  and Gorman, 1980).
%
■I
D esp ite  sm a ll in c re a s e s  i n  th e  outw ard c u r re n t  o f th e  Cl 
neurone a f t e r  Ca in je c t io n ,  no in c re a s e  in  th e  a m p litu d e  o f th e  
5-HT response was observed . However, t h is  experim en t was 
te c h n ic a l ly  d i f f i c u l t  due to  th e  ra p id  d e c lin e  o f th e  outw ard  
c u r re n t  (D a v ie s , 1986). I n  s tu d ie s  o f a s im i la r  v o lta g e -dependent 
decrease i n  gK induced  by the  p e p tid e , YGGFMRFamide J
(T y r-G ly -G ly -P h e -M e t-A rg -P h e -N H 2 ), many a tte m p ts  were re q u ire d  to  
o b ta in  a s u f f i c i e n t l y  in c re a s e d  outw ard  c u r re n t,  w hich re s u lte d  i n  
an in c re a se d  response to  th e  p e p tid e  ( C o t t r e l l ,  1982c; C o t t r e l l ,
Davies and Green, 1984; D av ies , 1986).
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The la c k  o f e f fe c t  o f Ca in je c t io n  on th e  5-HT response f
observed h e re  may have been due to  an uneven d is t r ib u t io n  o f Ca a t  
th e  membrane. Ca in je c te d  frcm  the  t i p  o f  an e le c tro d e  would no t 
d i f fu s e  even ly  th rou g ho u t th e  c e l l ,  so th a t  o n ly  a p o r t io n  o f the  
membrane m ig h t expe rience  an in c re a se  in  Ca c o n c e n tra t io n  (B a ris h  
and Thompson, 1983). F u rthe rm ore , th e  d i f f u s io n  o f  Ca w ith in  th e  
c e l l  i s  r e s t r ic t e d  by th e  s e q u e s tra t io n  mechanisms (Rose and 
Low ens te in , 1975). T h e re fo re  i t  i s  p o s s ib le  th a t  th e  K c u rre n t 
a c t iv a te d  by an in c re a s e  in  in t r a c e l l u la r  Ca, i s  on a p o r t io n  o f 
th e  membrane which does n o t re c e iv e  a p p l ic a t io n  o f 5-HT.
4 .9  CONCLUSIONS ON THE Cà-DEPENDENCY OF THE 5-HT RESPONSE
The r e s u l t s  conce rn ing  th e  Ca-dependency o f th e  5-HT response 
a re  ra th e r  co n fu s in g . Some expe rim en ts , such as those  w ith  EGTA 
in je c t io n  and th e  e f fe c t  o f  5-HT on th e  N shape o f th e  I-V  cu rve , 
suggest th a t  th e re  may be some Ca-de pendency. However, th e  
expe rim en ts  w ith  ve ra pa m il and Ca in je c t io n  p o in t  tow ards a la c k  o f 
Ca-dependency in  th e  response. The Ca-dependent K channels, 
a lth o u g h  h a v in g  a conductance c lo s e r  to  th a t  o f  th e  5-HT s e n s it iv e  
K channe ls  reco rded  frcan a c e l l-a t ta c h e d  p a tch , were o n ly
in f r e q u e n t ly  observed. Channels s e n s it iv e  to  5-HT were found i n
1most p a tches . T h is  5-HT response may th e re fo re  be due to  a A
decrease in  gK w h ich  i s  n o t Ca-dependent. However, i t  i s  a ls o  
p o s s ib le  th a t  the  a c t i v i t y  o f more than  one type  o f K channel i s  
suppressed by 5-HT. The c o n t r ib u t io n s  o f th e  d i f f e r e n t  types  o f K 
c u r re n t  may va ry  between Cl neurones, and th e re fo re ,  th e  e x te n t o f
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4 .1 0  COMPARISON OF THE 5-HT RESPONSE OF THE 01 NEURONE WITH OTHER 
SIMILAR RESPONSES
t h e i r  b lo c k  by 5-HT may v a ry . The d i f f e r e n t  e f f e c t s  o f  5-HT on th e  
N shaped I - V  r e l a t i o n ^ i p  suggests  th a t  t h is  may be th e  case.
In  v iew  o f th e  co n fu s in g  r e s u l t s  f o r  th e  Ca-de pendency, and 
th e  e x is te n ce  o f bo th  Ch-dependent and C h-independent K channe ls , 
i t  i s  p o s s ib le  th a t  bo th  typ e s  o f  channel may be a f fe c te d  by 5-HT. 
E xperim ents i n  w h ich  th e  Ca-dependency o f th e  channe ls  i s  examined 
a f t e r  t h e i r  s e n s i t i v i t y  to  5-HT has been e s ta b lis h e d , would be |
re q u ire d  to  so lve  t h i s  problem . Inc re a se s  i n  in t r a c e l l u l a r  cAMP 
have been found to  a f f e c t  more than  one type  o f K c u r re n t  in  bag 
c e l l  neurones o f  A n lv s ia  (S tro n g  and Kaczmarek, 1986).
'S.
1
The 5-HT induced in w a rd  c u r re n t  observed i n  c e r ta in  A p lv s ia  
neurones by P e llm a r and co -w o rke rs  had s im i la r  v o lta g e  dependent 
p ro p e r t ie s  to  th e  5-HT response o f th e  Cl neurone (P e llm a r and 
C a rp en te r, 1979;1980; P e llm a r, 1984). However, u n l ik e  th e  response 
o f the  Cl neurone, t h i s  response was found  to  be in s e n s i t iv e  to  
changes in  th e  e x t r a c e l lu la r  K c o n c e n tra t io n  and was shown to  be 
th e  r e s u l t  o f  an in c re a s e  in  gCa. A 5-HT induced  in c re a s e  in  gCa 
has re c e n t ly  been found in  some neurones o f  H e lix  
(P a u p a rd in -T r its c h , Hammond and G erschenf e ld ,  1986;
P a u p a rd in -T r its c h , Hammond, G erschenf e ld , N a irn  and G reengard, 
1986) .  However, p re v io u s  e xpe rim en ts  on th e  Cl neurone have shown 
no e f fe c t  o f 5-HT on th e  Ca c u r re n t  (B arnes, C o t t r e l l  and Dunbar, 
1984; C o t t r e l l ,  u npub lished  o b s e rv a t io n s ) .
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The 5-HT response o f th e  Cl neurone a ls o  bears many 
s im i la r i t ie s  t o  th e  response o f A p lv s ia  sensory neurones to  5-HT 
(K le in  and K ande l, 1978; 1980; 1982; Siegelbaurn e t  a l ,  1982). Both 
o f these responses have been found  to  be due to  a decrease in  gK. 
However, some d if fe re n c e s  a re  a ls o  a p p a re n t. The response o f th e  
Cl neurone has been shown to  be b locked  by Ba (B arnes, C o t t r e l l  and 
Dunbar, in  p re p a ra t io n ) ,  b u t th e  5-HT s e n s it iv e  K c u r re n t  o f 
A p lv s ia  sensory neurones i s  n o t s e n s it iv e  to  Ba (K le in ,  Camardo and 
Kandel, 1982 ). A lthough  t h i s  response was s e n s it iv e  to  
e x t r a c e l lu la r  Co, th e  a u th o rs  concluded th a t  i t  was no t due to  a 
decrease in  a Ca dependent gK s in ce  i t  was n o t s e n s it iv e  to  Ba o r 
enhanced by i n t r a c e l l u l a r  Ca in je c t io n .  The Ca dependency o f th e  
Cl neurone response to  5-HT rem a ins  u n c e r ta in  and r e s u l t s  in d ic a te  
th a t  a Ca dependent component may be p re se n t.
The 5-HT response o f some H e l ix  neurones s tu d ie d  by D e te rre  e t  
a l (1981; 1982) and P a u p a rd in -T r its c h  e t  al_ (1981) a ls o  has many
s im i la r i t ie s  to  th e  5-HT response o f the  Cl neurone. T h is  response 
was s e n s it iv e  to  e x t r a c e l lu la r  Ba, as w e l l  as Co and e x t r a c e l lu la r  
Ca le v e ls .  However, t h i s  response d i f fe r e d  in  one im p o rta n t 
re sp e c t from  th e  response o f th e  Cl neurone, s in ce  i t  was observed 
to  re ve rse  a t  around -50mV. A re v e rs a l o f the  5-HT induced  in w a rd  
c u rre n t in  th e  Cl neurone was never observed. In  a d d i t io n  no 
s e n s i t iv i t y  o f th e  response to  EGTA in je c t io n  was found  by D e te rre  
e t  a l  (1981 ).
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4.11 SECOND MESSENGER MEDIATION OF THE 5-HT RESPONSE
The a c t io n  o f  5-HT on s in g le  K channe ls , when a p p lie d  to  th e  
Cl neurone from  o u tw ith  th e  patch p ip e t te ,  s t ro n g ly  suggested th a t  
th e  e f fe c t  o f  5-HT was m ediated by an in t r a c e l l u la r  messenger. 
I n t r a c e l lu la r  in je c t io n  o f  cAMP causes c lo s u re  o f K channels in  
A p lv s ia  sensory neurones as does a p p l ic a t io n  o f  cAMP-de pendent 
p r o te in  k in a se  to  th e  in n e r  su rface  o f th e  membrane ( Siegelbaurn e t 
a l . 1982; S h u s te r ^  âL» 1985). Some r e s u l t s  were ob ta in ed  here  
w h ich  were c o n s is te n t  w ith  th e  m e d ia tio n  o f th e  5-HT response o f 
th e  Cl neurone by cAMP.
In  most expe rim en ts  th e  phosphod ieste rase  in h ib i t o r s ,  IBMX and 
th e o p h y ll in e ,  reduced th e  s iz e  o f th e  5-HT response , bu t a t  the  
same tim e  induced  an in w a rd  c u r re n t them se lves. T h is  suggested the  
presence o f a basa l le v e l o f c y c l ic  n u c le o t id e s  w i th in  th e  Cl 
neurone, w h ich , when in c re a s e d , caused a su p p re ss io n  o f  th e  same 
c u r re n t  as suppressed by 5-HT. The inw a rd  c u r re n t induced  by IB MX 4
and th e o p h y ll in e  was a ls o  v o lta g e  dependent, in c re a s in g  in  
a m p litu d e  as th e  c e l l  was h e ld  a t  more d e p o la r is e d  p o te n t ia ls .
However, th e  a b i l i t y  o f  ra is e d  le v e ls  o f  c y c l ic  n u c le o tid e s  to  
m im ic th e  5-HT response does n o t p ro v id e  p ro o f th a t  these 
substances a re  p h y s io lo g ic a l m e d ia to rs  o f th e  response .
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Sm all c o n c e n tra t io n s  o f phosphod ieste rase  in h ib i t o r s  m ig h t be 
expected  to  p o te n t ia te  a response which i s  m ed ia ted  by c y c l ic
n u c le o t id e s . However, a p o te n t ia t io n  o f  th e  5-HT response by
phosphod ieste rase  in h ib i t o r s  was never observed. In  one expe rim en t 
th e  response to  5-HT was p ro longed  in  th e  presence o f IB MX. Very 
l i t t l e  e f fe c t  o f IB MX on th e  I -V  re la t io n s h ip  o f  t h is  c e l l  was 
a p p a re n t, s u g g e s tin g  th a t  th e  basa l le v e ls  o f c y c l ic  n u c le o t id e s  
may have been lo w . The r e s u l t s  o f t h is  experim en t were c o n s is te n t  
w ith  a m e d ia tio n  o f  the  5-HT response by a c y c l ic  n u c le o t id e .
In je c t io n  o f  cAMP in t o  a Cl neurone, v o lta g e  clamped to  
d e p o la r is e d  p o te n t ia ls ,  produced an inw ard  c u r re n t .  However th e  
in w a rd  c u rre n t response produced to  a 5s in je c t io n  o f cAMP was
o f te n  p ro longed and m a in ta in e d , the reby p re v e n tin g  f u r t h e r
responses. Even responses w hich were no t p ro longed  w ere reduced on 
repea ted  in je c t io n s .  Such d e s e n s it is in g  b e h a v io u r was never 
observed f o r  th e  5-HT response .
I n t r a c e l lu la r  in je c t io n  o f cAMP has been found  to  m im ic th e  
5-HT response in  o th e r  c e l l s  (P e llm a r, 1981a; D e te rre  ^  A l ,  
1981 ;1982). The cAMP induced  inw a rd  c u rre n t in  th e  Cl neurone i s  
l i k e l y  to  be th e  r e s u l t  o f a decrease in  a K c u r re n t  (as i s  th e  
5-HT response ), s in ce  i t  was o n ly  observed when th e  c e l l  was h e ld  
a t  d e p o la ris e d  p o te n t ia ls .  However, th e  io n ic  n a tu re  o f th e  cAMP 
response was n o t co n firm e d .
ïh e  d e m o n s tra tio n  th a t  5-HT a c tu a l ly  causes an in c re a s e  in  
cAMP le v e ls  in  th e  Cl neurone, and th a t  s p e c i f ic  in h ib i t o r s  such as 
p ro te in  k in a se  in h ib i t o r  b lo c k  th e  e f fe c t  o f 5-HT, w ou ld  be 
re q u ire d  to  e s ta b lis h  cAMP as th e  l i i y s io lo g ic a l  in t r a c e l l u la r  
m e d ia to r o f th e  5-HT response. The e f fe c ts  o f  cAMP a re  tho u gh t to  
be m ediated by cAMP-dependent p ro te in  k in a se , w h ich  in  tu r n  i s  
re s p o n s ib le  f o r  p h o s p h o ry la tin g  c e r ta in  p ro te in s .  Changes in  io n ic
-I
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Care must be taken  in  co n c lu d in g  th a t  an i n t r a c e l l u la r  
messenger w h ich  m im ics a response, a c tu a l ly  m ed ia tes  th e  response .
P e llm a r (1981b) showed th a t ,  a ltho u gh  th e  5-HT response o f scane 
A p lv s ia  neurones cou ld  be m im icked by in t r a c e l l u la r  cAMP o r  
phosphod ies te rase  in h ib i t o r s ,  i t  was n o t a f fe c te d  by substances 
expected  to  i n h i b i t  th e  p ro d u c tio n  o f cAMP. In  o th e r  in s ta n c e s  
some 5-HT responses have been shown to  be m ed ia ted  by cAMP. In  |
some H e lix  neurones 5-HT causes an in c re a se  in  cAMP p ro d u c tio n  
(D e te rre  A t  a l ,  1982). I t  had p re v io u s ly  been Ëiown th a t  
in t r a c e l l u l a r  in je c t io n  o f cAMP co u ld  m im ic th e  5-HT response o f 
these c e l ls  (D e te rre  A t  a l , 1981). The a d e n y la te  cyc la se  ^
a c t iv a to r ,  fo r s k o l in ,  a ls o  m im icked th e  response , and low  
c o n c e n tra t io n s  o f  phosphod ieste rase  in h ib i t o r s  were capab le  o f 
enhancing th e  5-HT response, (D e te rre , 1982). M e d ia tio n  o f  th e  
5-HT response o f A p lv s ia  sensory neurones by cAMP has a ls o  been
e s ta b lis h e d  (C a s te l lu c i  e t  a l ,  1982). I n je c t io n  o f  th e  s p e c i f ic
in h ib i t o r  o f  cAMP dependent p ro te in  k in a s e , p ro te in  k in a se  
in h ib i t o r ,  b lo cked  p re s y n a p tic  f a c i l i t a t i o n  and th e  response to  
5-HT i n  A p lv s ia  sensory neurones.
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conductances m ed ia ted  by cAMP may be due to  p h o s p h o ry la t io n  a t  o r
near th e  io n  channel CShuster e t  a l .  1985; Ewald e t  a l , 1985).
However, o th e r  i n t r a c e l l u l a r  messengers a ls o  o p e ra te  th rough
p ro te in  k in a se s  such as, cGMP-dependent p ro te in  k in a s e , p ro te in
k in a se  C and C a-ca lm odu lin -dependen t p ro te in  k in a s e . I t  i s
p o s s ib le  th a t  more than  one p ro te in  k in a se  may be capable o f
p h o s p h o ry la tin g  th e  same s i t e ,  th e re fo re  m aking i t  e s s e n t ia l to
de te rm ine  w h ich  one i s  in v o lv e d  i n  a c tu a l ly  m e d ia tin g  a response.
An in vo lve m e n t o f a Ch-dependent p ro te in  k in a se  such as p ro te in
2+k in a se  C may e x p la in  th e  r e s u l t s  w h ich  suggest a r o le  o f Ca io n s  
i n  th e  response .
4 .1 2  SINGLE CHANNEL CURRENTS OBSERVED ON THE A AND M NEURONES I,1 
1The s in g le  channel c u r re n ts  observed m ost f r e q u e n t ly  on th e  A
neurone were d i f f e r e n t  to  those  seen on th e  Cl neurone s in ce  they
were found  to  re v e rse  between -4 0  and -50raV. T h is  re v e rs a l
p o te n t ia l  i s  c lo s e r  to  E th a n  E and th e re fo re  these  channe ls  mayUJL K.
be CL channe ls . U n ita ry  c u r re n ts  re v e rs in g  around t h i s  p o te n t ia l  
co u ld  a ls o  be due to  channe ls  w h ich  were la r g e ly  s e le c t iv e  to  K* 
io n s , b u t a llo w e d  a c e r ta in  f lo w  o f Na’*’ io n s  as w e l l .  E xperim en ts  
t o  de te rm ine  the  io n ic  n a tu re  o f th e  u n ita ry  c u r re n ts  re co rd ed  from  
th e  A neurone were no t pe rfo rm ed .
!
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4 .1 2 .1  EFFECT OF 5-HT ON HiE SINGLE CHANNEL CURRENTS OF THE A 
NEURONE
clamp e xpe rim en ts , in  w h ich  5-HT was shown to  e l i c i t  a v o lta g e  
dependent in w a rd  c u r re n t  in  th e  A neurone ( C o t t r e l l ,  1981). The 
observed a c t iv a t io n  o f  outw ard  go ing channe ls a t  d e p o la r is e d  
p o te n t ia ls  w ou ld  r e s u l t  i n  an outw ard  c u rre n t in  th e  A neurone.
Ih e  a c t iv a t io n  o f  these channels by 5-HT may have been an 
a r te fa c t  due to  th e  method o f  a p p lic a t io n  o f  5-HT. 5-HT was 
a p p lie d  by m ic ro p e r fu s io n . However, t h is  r e s u lte d  in  a d is p e rs a l 
o f  5-HT ove r a la rg e  a rea  o f th e  g a n g lia . On some occas ions 
a p p l ic a t io n  o f  5-HT was observed to  cause a c o n t ra c t io n  o f  th e  
s a l iv a r y  d u c ts  and bucca l m uscu la tu re  a tta c h e d  t o  th e  g a n g lia . 
T h is  may have caused movanent o f the  c e l l ,  th e re fo re  s t re tc h in g  th e  
pa tch  o f membrane. The a c t iv a t io n  o f channels by s t re tc h  has been 
re p o r te d  in  c u ltu re d  c h ic k  em bryonic s k e le ta l m uscle c e l ls .  These 
channe ls were c a t io n  s e le c t iv e ,  bu t a llow ed  th e  passage o f bo th  Na"^  
and io n s .  Ca-dependent K channe ls and n ic o t in ic  channels in  th e  
same p re p a ra t io n  were no t a f fe c te d  by s t re tc h  (Guhary and Sachs,
1984). W ith  h i# i  K s o lu t io n  in  th e  patch p ip e t te ,  s in g le  channel 
c u r re n ts  o f  th e  01 neurone were observed to  be a c t iv a te d  by 
a p p ly in g  n e g a tiv e  p re ssu re  to  th e  p ip e t te  to  o b ta in  a g i^ o h m  
s e a l. In  la t e r  e xpe rim en ts  w ith  th e  A neurone, a tte m p ts  were made
The channe ls d e s c r ib e d  above in  th e  A neurone w ere found to  be 4
a c t iv a te d  when 5-HT was a p p lie d  to  th e  c e l l  by m ic ro p e rfu s io n .
T h is  f in d in g  was n o t expected  from  p re v io u s  r e s u l t s  w ith  v o lta g e  iI
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t o  remove th e  s a liv a ry  d u c ts  and as much bucca l m uscu la tu re  as 
p o s s ib le .  A c t iv a t io n  o f  these channels by 5-HT was s t i l l  
observed . However, s in ce  th e  bucca l g a n g lia  a re  a tta c h e d  to  th e  
bucca l mass i t  was d i f f i c u l t  to  remove a l l  o f th e  bucca l 
m u scu la tu re .
S y n a p t ic a l ly  re le a se d  5-HT causes membrane o s c i l la t io n s  in  th e  
A neurone a t  r e s t in g  p o te n t ia l  ( C o t t r e l l ,  1971 ;1981 ). 5-HT has 
been shown to  cause o s c i l la t o r y  responses in  Xenopus oocy tes  i n  
w h ich  5-HT re c e p to rs  were induced  by th e  in je c t io n  o f  messenger RNA 
(Gundersen, M ile d i and P a rke r, 1983). The o s c i l la t o r y  responses o f 
XenoDus oocy te s  was found  to  be th e  r e s u l t  o f a Ca-dependent Cl 
c u r re n t  (P a rk e r, Gundersen and M ile d i,  1985). I t  was suggested 
t h a t  t h i s  o s c i l la t o r y  response most resem bled th e  o s c i l la t o r y  
responses to  5-HT in  th e  A and M neurones o f H e lix  (Gundersen A t  
a l ,  1983).
4 .1 2 .2  SINGLE CHANNEL CURRENTS OF THE M NEURONE
O nly one I -V  r e la t io n s h ip  o f  s in g le  channel c u rre n ts  was 
o b ta in e d  fro m  th e  M neurone. T h e re fo re , i t  cannot be s a id  i f  th e  
channe ls  observed were t y p ic a l .  These channels w ere  no t observed 
t o  re v e rs e , b u t showed r e c t i f i c a t i o n  w h ich  co u ld  be f i t t e d  by th e  
th e o r e t ic a l  r e la t io n s h ip  f o r  a K c u r re n t ,  c a lc u la te d  from  th e  GHK 
e q u a tio n . However, th e  P^ v a lu e  c a lc u la te d  from  th e  data p o in ts  
was 1.24x10*’ ^^ cm.^s*” \  w h ich  i s  between th e  v a lu e  o f th e  2 s iz e s  
o f  channel commonly observed on c e l l-a t ta c h e d  pa tches o f  th e  Cl 
neurone.
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A p p lic a t io n  o f  5-HT to  th e  M neurone, w h i ls t  re c o rd in g  from  a 
c e l l-a t ta c h e d  p a tch , re s u lte d  i n  a c t io n  p o te n t ia ls  (w h ich  co u ld  be 
reco rded  e x t r a c e l lu la r ly  w ith  th e  patch p ip e t te )  and an in c re a s e  in  
channel a m p litu d e , bo th  p ro ba b ly  as a r e s u l t  o f a d e p o la r is a t io n  o f 
th e  M neurone. T h is  experim ent th e re fo re  i l l u s t r a t e s  th a t ,  
re c o rd in g  from  a c e ll-a t ta c h e d  patch d u r in g  a p p l ic a t io n  o f  a 
substance i s  n o t a s u ita b le  techn ique  i f  any change in  th e  r e s t in g  
membrane p o te n t ia l  o ccu rs . In  t h i s  case, an in t r a c e l l u la r  v o lta g e  
clamp w ou ld  a ls o  be re q u ire d  to  overcome t h is  d i f f i c u l t y .  T h is  
problem w ith  th e  M neurone may be because i t  responds to  5-HT w ith  
a Na-dependent d e p o la r is a t io n  in  a d d it io n  to  a vo lta g e -d e p e n d e n t 
d e p o la r is a t io n .  However, th e  Na-dependent d e p o la r is in g  response o f 
th e  M neurone i s  r a p id ly  d e s e n s it is in g  ( C o t t r e l l  and Macon, 1974), 
w h i ls t  th e  d e p o la r is a t io n  observed d u r in g  re c o rd in g  from  th e  
c e l l-a t ta c h e d  pa tch  la s te d  over se ve ra l m in u te s . S y n a p t ic a l ly  
re le a se d  5-HT, in  a d d it io n  to  e l i c i t i n g  th e  Na-dependent 
d e p o la r is a t io n  in  th e  M neurone, a ls o  causes a more p e r s is te n t  
d e p o la r is in g  response , w h ich  i s  o f te n  seen as a s e r ie s  o f membrane 
o s c i l la t io n s  in  a h y p e rp o la r is e d  M neurone ( C o t t r e l l ,  1982b). T h is  
more p e rs is te n t  response may have been re s p o n s ib le  f o r  th e  
d e p o la r is a t io n  observed when 5-HT was a p p lie d  d u r in g  patch  clamp 
re c o rd in g .
In  th e  Cl neurone no response to  5-HT was n o rm a lly  observed a t  
r e s t in g  p o te n t ia l .  T h e re fo re , th e  e f fe c t  o f 5-HT on channe ls  
re co rd ed  in  th e  c e l l-a t ta c h e d  patch cou ld  be exam ined, w ith o u t a 
change in  th e  c e l l  membrane p o te n t ia l o c c u r r in g . These l im i t a t io n s
I
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o f  th e  c e l l-a t ta c h e d  c o n f ig u ra t io n  o f th e  pa tch  clamp techn ique  
have been d iscussed  by F is c h m e is te r, Ayer and DeHaan (1 9 86 ). 
S im u lta n e o u s ly  v o lta g e  c lam p ing  th e  Cl neurone, w h i ls t  re c o rd in g  
from  a c e l l- a t ta c h e d  p a tch , would however, have been u s e fu l to  
ensure  th a t  no change in  th e  r e s t in g  p o te n t ia l  o f the  c e l l  
o cc u rre d . A hype r p o la r is in g  s h i f t  in  th e  membrane p o te n t ia l may 
have been re s p o n s ib le  f o r  th e  reduced channel a m p litu d e  seen in  
some re c o rd s  on re co ve ry  from  th e  5-HT e f fe c t .
4 .13  PHYSIOLOGICAL ROLE OF THE VOLTAGE-DEPENDENT 5-HT RESPONSE
The Cl neurone o f H e lix  c o n ta in s  5-HT and has been shown to  
a c t  on c e r ta in  fo l lo w e r  neurones in  th e  b ucca l g a n ^ ia  by th e  
re le a s e  o f  5-HT (see C o t t r e l l ,  1977). The unusual response o f th e  
A neurone to  Cl neurone s t im u la t io n  was f i r s t  shown by C o t t r e l l  in  
1971. T h is  was l a t e r  e s ta b lis h e d  to  be a vo lta g e -d e p e n d e n t inw a rd  
c u r re n t  w hich was m im icked by a p p l ic a t io n  o f  5-HT, when reco rded  
under v o lta g e  clamp c o n d it io n s  ( C o t t r e l l ,  1981 ). The p h y s io lo g ic a l 
r o le  o f  t h is  response was s tu d ie d  by C o t t r e l l  (1 9 8 2 a ). H ie number 
o f  sp ik e s  e l i c i t e d  by repea ted  square wave d e p o la r is in g  s p ik e s  in  
th e  A neurone decreases, due to  accommodation. S t im u la t io n  o f  th e  
Cl neurone was found  to  overcome th e  accom modation o f th e  A 
neurone. A p r o lo n c t io n  o f  À neurone a c t io n  p o te n t ia l  d u ra t io n  was 
a ls o  observed d u r in g  Cl neurone a c t i v i t y .
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S y n a p tic  co n n e c tio n s  between the  two s y m m e tr ic a lly  p o s it io n e d  
Cl neurones have re c e n t ly  been found ( C o t t r e l l ,  unpub lished  
o b s e rv a t io n s ) .  When one Cl neurone i s  h e ld  under v o lta g e  clamp 
c o n d it io n s  a t  a d e p o la r is e d  p o te n t ia l ,  s t im u la t io n  o f th e  
c o n t r a la te r a l Cl neurone produces a sm a ll inw ard  c u r re n t.  S ince 
th e  Cl neurones a re  known to  c o n ta in  and re le a s e  5-HT, t h is  inw a rd  
c u r re n t  was most p ro ba b ly  due to  s y n a p t ic a lly  re le a s e d  5-HT, I t  
was reduced a t  h o ld in g  p o te n t ia ls  more n e g a tiv e  than  -20mV, 
s u g g e s tin g  th a t  i t  showed a s im i la r  v o lta g e -de pendency to  th e  5-HT
response . The sm a ll s iz e  o f the  s y n a p t ic a l ly  evoked response
suggested th a t  i t  o ccu rre d  on processes some d is ta n c e  frcm  th e
soma.
The p h y s io lo g ic a l r o le  o f th e  ^ n a p t ic  co n n e c tio n s  between th e  
Cl neurones may be to  overcome accommodation, as shown in  th e  A 
neurone ( C o t t r e l l ,  1982a). The in c re a se d  in p u t  re s is ta n c e  
r e s u l t in g  w ou ld  a ls o  cause a post s y n a p tic  enhancement o f o th e r 
s y n a p tic  in p u ts  o n to  th e  Cl neurone. AnotBer p o s s ib i l i t y  i s  th e  
e x is te n c e  o f 5-HT re c e p to rs  on th e  s y n a p tic  te rm in a ls  o f the  Cl
neurone. I f  a c t iv a t io n  o f  these  re c e p to rs  re s u lte d  in  a decrease
i n  gK, as seen in  th e  scxna, t h i s  may cause a p ro lo n g a t io n  o f a c t io n  
p o te n t ia l  d u ra t io n ,  and th e re b y , an in c re a s e d  Ca in f lu x .  The
in c re a s e d  Ca in f lu x ,  in  tu r n  w ou ld  enhance t r a n s m it te r  re le a s e ,
g iv in g  a p o s i t iv e  feedback e f f e c t .  However, i t  i s  n o t p o s s ib le  to  
d e te rm ine , from  s tu d ie s  on th e  Cl neurone soma, i f  such a response
e x is ts  a t  th e  p re s y n a p tic  te rm in a ls .  Some w o rke rs  have used
s tu d ie s  on neurone soma in  th e  assum ption  th a t  th e  e f fe c t  a t  th e
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te rm in a ls  i s  s im i la r  (K le in  and Kandel, 1978; 1980). R ecently  i t
has been p o s s ib le  to  make re c o rd in g s  from  c ra y f is h  axons c lose  to  
th e  E yn a p tic  te rm in a ls .  Here, p re s y n a p tic  f a c i l i t a t i o n  by 5-HT has 
been shown to  occur by a d i f f e r e n t  mechanism from  th a t  o c c u rr in g  in  
A p lv s ia  sensory neurone scana, and re q u ire s  th e  e n try  o f Na^ io n s  
in t o  th e  te rm in a l re g io n . The in f lu x  o f  Na i s  th o u g h t to  cause an 
in c re a s e  in  th e  a v a i l a b i l i t y  o f  in t r a c e l lu la r  Ca (D ixo n  and Atwood,
1985) .  I t  seams more l i k e l y  th a t  th e  e f fe c t  o f 5-HT in  th e  Cl 
neurone i s  to  enhance o th e r s y n a p tic  in p u ts  by ca us ing  an in c re a se  
in  th e  in p u t  re s is ta n c e  o f th e  c e l l .  F u tu re  e xpe rim en ts  cou ld  be i
undertaken  to  de te rm ine  i f  s t im u la t io n  o f  th e  c o n t ra la te r a l Cl 
neurone overcomes accommodation, and enhances s y n a p t ic  in p u ts  to  
th e  Cl neurone.
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